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SUMMARY 
The work reported in this thesis involved the synthesis of BH by 
pyrolysis or electrical discharge of suitable parent compounds, the 
identification and determination of the energetics of this molecule by 
mass spectrometric techniques, and an attempt to prepare the species as 
a stable liquid or solid phase by utilization of an unique cryogenic 
reactor inlet system which has been designed, constructed, and used 
successfully in related studies in this laboratory. A secondary effort 
was made to produce HpBF in order to obtain more information concerning 
unstable trivalent compounds of boron. 
The boron hydrides, particularly BpH/-, and also the higher alkyl-
at ed boranes have received considerable attention over the past fifteen 
years or so because of their practical usefulness, especially as rocket 
and jet aircraft fuels. In addition, much interest and controversy has 
been focused upon the unusual bonding present in these compounds due to 
the so-called "electron deficient" nature of the boron atom. In contrast, 
BH and also the free radical BH have been the subject of comparatively 
few studies, evidence for their existence at the onset of this thesis 
work being only of a hypothetical nature. For example, kinetic studies, 
•ir -i O 
such as those on the pyrolysis of BpH^ , gave results explicable in 
terms of the intermediate BE~. The possibility that BH might exist as 
a cryogenic material arose when a liquid helium quench of the products 
of a BpH^ microwave discharge produced an unidentified phase with a triple 
point of approximately 60 K . In addition to the experimental evidence 
IX 
for the existence of the reactive BH„ molecule, estimated free energy 
55 values indicated that the equilibrium between B?£L- and BH should highly 
favor BH at temperatures of about 1000 C. 
During the preliminary experiments of this thesis research, two 
reports were published concerning the mass spectrometric detection of 
reactive intermediates in the pyrolysis of BpH/-. Although both BIL and 
39 BHp were included in the results of one group , the other research team 
identified only BH . Besides this discrepancy about the particular 
species observed in the pyrolysis, one study determined the dissociation 
energy of BpH^ into BH fragments as ̂  55 kcal/mole while a value of 
39 kcal/mole was obtained in the work that supposedly observed both BH 
39 and BHp . Consequently, the resolution of the differences between these 
two independent sources became one of the objectives of this thesis. 
Initial attempts to detect BH~ in the pyrolysis of BpH,- and dimethyl-
anilineborane involved the introduction of the pyrolysis products into 
the ionization region of the mass spectrometer by effusion through small 
diameter orifices. This approach had been used successfully in this 
52 
laboratory in the study of CFp as well as in other investigations of 
59 
unstable molecules and free radicals . However, BH„ could not be detect-
ed in a lengthy series of hot filament and tubular furnace pyrolysis 
experiments. When BH was finally observed by introducing the pyrolysis 
products directly into the electron beam without the presence of a beam 
collimating orifice, it became clear that future investigations of unstable 
species should be conducted, if possible, in this manner. Whereas CFp was 
52 
not lost upon effusion through a 0.032 inch diameter orifice , BH~ 
suffered decomposition or reaction under similar experimental conditions. 
X 
A radio frequency discharge of BpIL. failed to produce evidence of 
BHL. If BH were actually formed in the discharge, it would have been 
depleted by the time the discharge products reached the ionization region 
of the mass spectrometer approximately one foot away. This became 
apparent during the cryogenic quenching experiments when BH„ could not 
be transferred through a 1-1/2 foot long by 3/8 inch diameter tube which 
had been cooled to a temperature approximately that of the melting point 
of oxygen (5^.8°K). 
BH was detected by pyrolysis of B H , in tubular furnaces of 
-k -2 
quartz, aluminum, and stainless steel at pressures of 10 to 10 mm 
Hg and temperatures of 250 to 1+00 C. BH~ was also synthesized by pyrol-
ysis of BpĤ - on incandescent filaments of platinum, tungsten , nichrome, 
zirconium, molybdenum , niobium, titanium, and tantalum. The ionization 
potential of BH was determined by the semi-log matching method and the 
Fox retarding potential difference method to be 12.32 ± 0.1 ev. By com-
bining this with a value of 1^.88 ± 0.05 ev for A(BH*) from BpH/-, 
D(BH„ - BH ) may be calculated as 2.56 ev or 59 kcal/mole. 
+ + + + + 
The appearance potentials of B , BH , BHp, BH , and B H from 
BpH^, as well as from BH wherever applicable, were determined. Although 
several of these values are in major disagreement with other studies, 
the numbers presented are considered to be accurate. This follows from 
the agreement between the semi-log matching method and the retarding 
potential difference method on the values of several of the appearance 
potentials and also from the self-consistency of the experimental numbers. 
The latter is demonstrated by three determinations of D(BH - BH ) as 
approximately 2.6 ev from the appearance potentials of three separate 
XI 
fragment ions. 
The experimental appearance potentials permitted the direct deter-
mination of either the values of or the lower and/or upper bounds for 
D(B+ - H), D(BH+ - H), D(BH2 - H), D(BH - BH ), D(BH* - BH ), I ^ H ^ ) , 
and I(B H ). The calculation of D(B - H), D(BH - H), D(BH2 - H), and l(BH2) 
was made possible by introducing the spectroscopic value of l(BH) = 9*77 
ev . The values are consistent with some of the data from spectroscopic, 
kinetic,and mass spectrometric studies and also are upheld by theoretical 
arguments in several cases. 
The utilization of the derived bond energies to calculate the heat 
of formation of BpJL- as -1*0.9 kcal/mole at 298 K allowed an analysis of 
the errors in the experimental bond energies from this research. This 
was accomplished by comparing the calculated heat of formation with an 
experimental value of 7.53 kcal/mole ' . This calculation involved 
D(BH - BH ), the heat of sublimation of boron, the dissociation energy 
of hydrogen, and two times the value of the heat of atomization of BH.-.. 
If all values except the latter are assumed to be accurate, it may be 
seen that an error of 24.2 kcal/mole in the heat of atomization of BH~, 
i.e., D(BH - H) + D(BH - H) + D(B - H), would, produce the rather large 
disagreement between the two heats of formation. That is, an average 
error of approximately 8 kcal/mole or 0.35 ev exists in the derived bond 
energies of BH, BH?, and BH . This is believed to be the case as opposed 
to assigning what would be a considerable error to D(BH~ - BH„). The 
errors are not believed to be due to the experimental appearance potential 
values, but to be inherent in the electron impact method of energy deter-
minations. 
Xll 
Attempts to detect free BH in the pyrolysis of B L failed even 
though the experimental conditions under which BEL was reportedly synthe-
sized were essentially reproduced. Other than the possibility that the 
reported observation of BHp was due to another species, the only explana-
tion for this discrepancy that can be given by this author is that the 
presence of a 0.0001 inch diameter platinumrplatinum-rhodium (90-10) 
thermocouple centered in the furnace and the gas stream, as described by 
39 hi 
Fehlner and Koski ' , catalyzed the formation of BHp (such an arrangement 
was not used in this work). However, this seems unlikely because of the 
small heating surface area of the wire as compared to the furnace walls 
(Fehlner and Koski report two to three times more BHp than BH ). 
Equilibrium partial pressures calculated from free energies of re-
action based on the bond energies from this thesis research and entropy 
values from estimated thermodynamic tables showed that the pyrolysis of 
BpH/- should produce approximately equal amounts of BHp and BH„. In 
addition, the partial pressures were calculated by applying the previously 
mentioned correction to the BH„ bond energy and also by assigning an un-
likely error to D(BH - BH ) of 2k kcal/mole. These results led to the 
same conclusion of approximately equal amounts of BHp and BE~. However, 
by again employing the experimental bond energies, the magnitudes of the 
activation energies for the dissociation of BpH^ into BH and into BH 
were estimated and a comparison of the resultant kinetic rate constants 
indicated that BHp should not play a significant role in the kinetics of 
the pyrolysis of BH/. This appeared more acceptable when a mechanism 
for the pyrolysis of B X involving BH and not BH was proposed and then 
used to show agreement of the value of D(BH„ - BH ) deduced from several 
Xlll 
1 r -i O 
kinetic studies ^' and the value determined from this work. Also, by 
relating the kinetic rate equation describing the pyrolysis mechanism to 
experimental results, pre-exponential factors were calculated for several 
steps in the pyrolysis mechanism that were entirely reasonable for the 
order of reaction in question as seen by comparison with experimental pre-
exponential factors ' . This gave further support to the correctness 
of the proposed mechanism. 
The quench of the products of the pyrolysis of B L in the cryo-
genic reactor inlet system at temperatures as low as approximately the 
melting point of oxygen (^k.Q K) failed to produce evidence of stabilized 
BH~. That is, BH was not observed either by monitering the pyrolysis and 
quenching operation or by monitering the gas evolved from the deposit 
upon warm-up. However, the observation of an increase in the Hp ion 
peak at approximately 60 K followed by a decrease in intensity at higher 
temperatures led to the initial conclusion that BH„ had been stabilized 
at the quenching temperature, but was reacting or decomposing to liberate 
Hp as the temperature of the system was increased. This concurred with an 
earlier x-ray detection of an unidentified phase with a triple point of 
60 K in the quenched products of a microwave discharge of BpĤ - . A sub-
sequent experiment in which unpyrolyzed Bp£L- and H were subjected to the 
cryogenic quench produced the same variation of the EL ion peak upon 
warm-up. The final conclusion was that Hp was trapped in the BpĤ - matrix 
and liberated at approximately 60 K. 
HQBF was not detected in similar cryogenic quenching experiments 
on the products of an rf discharge of BF~ and B L . However, HBF was 
observed upon warm-up of the quenched discharge products to about 90 K. 
xiv 
The lowering of A(BFp) to approximately 13 ev was evidence that HBF and 
+ + 
not BF„ was the parent compound. Also, the appearance of HBF and BFp 
peaks at a temperature slightly lower than that at which peaks from BF~ 
begin to appear agreed with the reported similarity of the vapor pressures 
of HBF and BF . Finally, the approximate 1:1 ratio of m/e ion peaks 
31 and ̂ -9 concurred with a mass spectrometric study of HBFp 
A modification of the standard arrangement of the electron gun grids 
of the Bendix mass spectrometer in the retarding potential difference mode 
of operation enabled an increase in sensitivity by a factor of approximately 
5. This was advantageous in the determination of ionization and appearance 
potentials of species that were present in small concentrations in the gas 
samples introduced into the mass spectrometer. The modification was found 
to have no adverse effects upon the reliability of the energy measurements. 
XV 
NOMENCLATURE 
The following symbols are so defined unless otherwise specified 















= inside radius. 
= pre-exponential or frequency factor of reaction rate constant 
= experimentally determined pre-exponential factor. 
= appearance potential of X, ev. 
= dissociation or bond energy of X-Y, ev or kcal/mole. 
= activation energy, ev or kcal/mole. 
= experimentally determined activation energy. 
= conductance of a tube, liters/sec. 
= gaseous state of X when used as X(g). 
= Gibb ' s free energy, H - TS, ev or kcal/mole. 
= free energy of formation, reactants and products in the 
ideal state. 
= free energy of reaction at temperature T ( K), reactants 
and products in the ideal state. 
= enthalpy, ev or kcal/mole. 
= heat of formation, reactants and products in the ideal state. 
= heat of reaction, reactants and products in the ideal state. 
= heat of sublimation, ideal state. 
= heat of reaction at temperature T ( K), reactants and pro-
ducts in the ideal state. 
Kx) = ionization potential of X, ev. 
XVi 
reaction rate constant. 
experimentally determined reaction rate constant. 
equilibrium constant. 
equilibrium constant in terms of partial pressures. 
length of tube, inches. 
mean free path of gas, cm. 
mass to charge ratio. 
molecular weight. 
capac itanc e, micr ofarads. 
number of moles. 
pressure. 
pressure in millimeters of mercury. 
partial pressure of X. 
gas constant. 
solid state of X when used as X(s). 
entropy of reaction at temperature T ( K), cal/mole/ K or 
kcal/mole/ K, reactants and products in the ideal state. 
temperature, K or C. 
volts alternating current. 
volts direct current. 
watts. 
viscosi ty of gas, poise . 




Definition and Brief History of the Problem 
This thesis problem is concerned with the preparation of highly 
reactive and unstable compounds which could ultimately be of practical 
use rather than existing only as laboratory curiosities. Included in 
such a study is the development of synthesis techniques for these new 
compounds, the determination of the energetics of the system involved 
(which allows one to positively identify the new species as well as to 
calculate bond energies, heats of formation, etc.) and the utilization 
of equipment designed to operate at cryogenic temperatures for the 
stabilization of the reactive substance in relatively pure form by 
effectively "freezing out" the activation energy of reaction. It should 
be pointed out that the synthesis process may actually take place at 
cryogenic temperatures as well as at room temperatures and above. 
Since the pioneering work of Stock and later Schlesinger and 
2 
Burg , the boron hydrides had received relatively little attention prior 
to the last decade or so. The renewed interest in these compounds re-
sulted from their potential usefulness as high energy fuels for rockets 
and jet aircraft. Compared to conventional solid and liquid fuels such 
as kerosene or saturated hydrocarbons, combustion of the boron hydrides 
produces up to 50 percent more heat per unit mass. The heat of combustion 
is lower than that of hydrogen, but the boron hydrides are much denser and, 
in general, they do not require the additional weight of thermal insulation 
such as is necessary for hydrogen. 
Besides their use as rocket fuels,as catalysts, as reducing agents, 
as semi-conductor doping agents, etc., the boron hydrides have received 
considerable interest and have been the subject of much controversy con-
cerning their electronic structure. The fact that boron is "electron 
deficient," in the sense that there are more orbitals available for bond-
ing than can be filled by the number of valence electrons present, results 
in the interesting structural and bonding properties of the boron hydrides. 
Diborane, B X , the lowest boron hydride that is reasonably stable, is a 
good example. This molecule has, in addition to four ordinary covalent 
bonds between boron and hydrogen atoms, two "banana" bonds each involving 
two boron atoms and one hydrogen atom. These are three-centered, two-
3 
electron bonds formed from the hydrogen orbital and one hybridized 2sp 
3 h orbital from each of the two boron atoms J . 
In comparison with the available knowledge of and with the amount 
of work done on diborane and the higher boron hydrides such as BjH , 
B.JL., B H_ _ , and B__H_, , little has been accomplished in regard to the 
p y z> 11 10 14 
lower boron hydrides, BH, BHp, and BH . BH has been studied experimentally 
by spectroscopic methods and its ionization potential and dissociation 
energy determined. However, at the beginning of this thesis research no 
direct experimental evidence of either BH„ or BEL had been offered. The 
formation of BHp and stabilization by cryogenic quenching as a relatively 
pure phase appears to be highly unlikely as the species is a free radical 
and the quenching of low molecular weight free radicals is usually accom-
plished only in a frozen matrix in concentrations of at most a few tenths 
3 
of a percent. In contrast, BH would seem to be a likely candidate for 
synthesis and subsequent quenching experiments. It would be expected to 
exist in a singlet electronic ground state with a planar structure formed 
2 5 
by the bonding of three 2sp orbitals of boron with the hydrogen orbitals . 
6 
In a theoretical treatment of the BH molecule , the first excited state 
was considered. This state was calculated to have an excitation energy 
of 5.06 ev, possibly an important point when one considers the existence 
of free BH„ in a condensed phase. It is described as being a pyramidal 
biradical having one elongated B-H bond as shown below. 
\ / ° 
V 1.3 A 
HVl.2 A\ 
The dotted line shows the approximate direction of the non-bonding orbital. 
This description makes the B X bridge structure rather more understandable, 
From a practical point of view, the development of a synthesis technique 
that may lead to economic production of BHL would be of considerable 
interest in that the heat of combustion of BpH,-, which has already been 
used as a propulsion fuel, would be increased by the amount of its dis-
sociation energy into two BH„ molecules. 
Purpose of the Research 
The main purpose of this thesis research has been to synthesize the 
BH_ molecule by pyrolysis or electrical discharge of suitable parent com-
pounds, to determine the energetics of the molecule by electron impact 
measurements, and to prepare the species as a stable phase at cryogenic 
h 
temperatures. This species was chosen because of its potentially practi-
cal usefulness, as previously mentioned, and. because of its plausible 
existence based upon theoretical and experimental grounds, the former 
having been briefly discussed and the latter to be described shortly. 
Although BH9 and BEL had not been directly observed at the onset 
of this study, experimental results concerning these two species were 
published soon afterwards. The data presented showed considerable dis-
agreement between the separate sources and questions arose as to what 
species were actually present in the synthesis steps. Consequently, much 
emphasis was placed upon attempting to resolve the existing differences 
between the published data and upon ascertaining the actual existence 
of certain reported species. 
In order to obtain more information concerning unstable trivalent 
compounds of boron and hydrogen, a secondary effort was made to produce 
HQBF. This molecule along with BH would complete the series of com-
pounds from BH to the well-known substance BF , that is, BF , HBF 
H2BF, and BH . 
Review of Literature 
Although BH and BHp had not been directly observed at the begin-
ning of this research, a considerable amount of work had been published 
concerning indirect evidence primarily for BH . These reports have 
appeared only recently. Prior to the first part of 1950, work on the 
1 2 7-1̂ -
thermal decomposition of boron hydrides had been published 5 5 and 
in several cases the existence of BH« as an unstable intermediate had been 
postulated. However, the only evidence of the intermediate BH~ was of a 
5 
chemical nature . That is, chemical reactions of various compounds with 
boron hydrides resulted in the addition of BH„ to the starting material, 
e.g., the reaction of BpHL- and CO under suitable conditions produced 
BH CO. 
In approximately a fifteen year period beginning in 1951? numerous 
reports appeared which were concerned with investigations of systems that 
produced experimental results explicable in terms of the BH.-, molecule. 
These investigations, which contained no direct observations of BH„ or 
BHp, included studies such as the following: 
a) the pyrolysis of compounds such as BpH^ and BH„CO ' ; 
22 2^ Zh 
b) the reactions of B L with H O , C H, , and PH ; 
c) the exchange reactions between deuterium and B L ' and 
10 27 
between isotopically normal B H,- and enriched B0 H 2% 
Q O OO 
d) the photolysis of B L and B H ; 
J2 % 
,30, e) the photosensitized reaction of B L by excited Hg atoms ; 
f) the shock tube pyrolysis of B^H.31'3 .. 
2 b . 
Examples of methods used for following these reactions were chromatography, 
pressure rise, hydrogen production, and mass spectrometry. The main re-
sults of these experiments were kinetic analyses to determine the order of 
the reaction and the experimental activation energy and to suggest a mech-
anism, which invariably included BH~ as an intermediate, consistent with 
the rate equation fitting the experimental data. In some instances, the 
dissociation energy of B L into two BH molecules was deduced. This 
value was also determined by a thermochemical procedure involving the re-
33 action of B L with gaseous methylamines 
3^ In 1956, Bauer presented an analysis of the data from the kinetic 
0 
studies available at that time to deduce upper and lower bounds for the 
heat of dissociation of diborane. He stated that the published mechanism 
20 
for the decomposition of BH„C0 by Burg was wrong and proposed an alter-
nate mechanism supposedly giving the correct form for the observed pres-
sure-time dependence. From his consideration of eight independent kinetic 
, ,. lU,15,16,20,22-25 ,, n , , - u . x . . ^ , . studies ' ' ' , Bauer was led to upper bounds for the dissocia-
tion energy of diborane which ranged from 27 to 38.*+ kcal/mole. He also 
calculated rough lower bounds of 25 and 30.5 kcal/mole. These results 
are comparable with the thermochemical value of 28.k kcal/mole 
35 Later, Garabedian and Benson refuted Bauer in stating that Burg's 
kinetic data were in excellent agreement with his original mechanism. 
Their reanalysis of the data fixed the bond dissociation energy of BpH/-
between 32 and 38.3 kcal/mole. From the remaining seven kinetic studies 
considered by Bauer, Garabedian and Benson were led to the conclusion that 
in six systems no calculation of the value of the heat of dissociation of 
BpH^ was warranted. The remaining one, they felt, fixed a lower bound at 
33 kcal/mole. Examples of a few of the considerations upon which they 
based their conclusions were the questionable homogeneity and the lack of 
establishment of stoichiometry of some of the reactions and the "impossible" 
Arrhenius pre-exponential factors calculated in some cases. 
At this point, it is quite obvious that such indirect means as 
those just discussed leave much to be desired for the absolute determina-
tion of the existence of reactive intermediates and for the accurate cal-
culation of the energetics of the reactions involved. Experimental results 
obtained by spectroscopic and mass spectrometric methods, which permit the 
determination of bond energies, ionization potentials, appearance potentials, 
7 
etc., would appear to be subject to much less doubt and controversy. 
It appeared possible that the first direct experimental observa-
36 
tion of BH~ was made by Bolz, Mauer, and Peiser . In an attempt to 
stabilize hydrogen atoms by frozen matrix trapping, diborane was subjected 
to a microwave discharge and the products quenched, at the temperature of 
liquid helium. Hydrogen atoms were not stabilized since warm-up occurred 
suddenly from 4.2 to 33 K as a result of the recombination of the hydrogen 
atoms. However, by means of x-ray diffraction, a new phase was observed 
which exhibited a triple point of approximately 60 K. It was postulated 
that this unidentified phase could be BH , although the possibility that 
it was only a previously unreported metastable phase of BpH^ could not 
be ruled out. 
37 Morrey, Johnson, Fu, and Hill studied the pyrolysis of BJEL-
and followed the reaction with an infrared spectrometer. Infrared peaks 
were observed that did not correspond to any known boron hydrides. On 
the assumption that the observed frequencies at 3.9? 6.4, and 8.4 microns 
were the normal fundamental frequencies of BHL, force constants were cal-
culated for the molecule. Assuming the same force constants for BD , 
the authors stated that it was possible to predict the frequencies that 
would appear if deuterated BpH/- were pyrolyzed. This reaction was studied 
and although the results were thought encouraging, more refined measure-
ments were believed necessary before the assignment to BH.~ could be proven. 
In 1964, the first direct experimental observations of the BH„ mole-
cule and the BHp radical were reported. Sinke, Pressley, Baylis, and 
Stafford , utilizing a Knudsen-type cell in conjunction with a mass 
spectrometer, deduced a value of the dissociation energy of BpH,- ̂  55 
kcal/mole from the observed equilibrium between BH and. B_EL-. Fehlner 
39 and Koski , who also employed mass spectrometric detection and used a 
fast flow pyrolysis technique, determined, by controlled energy electron 
impact methods, the ionization potential of BEL, l(BH ), and the appear-
ance potential of BH , A(BH*), from B L to be 11.h ± 0.2 ev and 13.1 ± 
0.2. ev respectively. These results gave a value of 1.7 ev or 39 kcal/mole 
ko 
for the energy of dissociation of BpH,-. Diesen reported a mass spectro-
metric identification of BBL from a shock tube study. Again, we find a 
discrepancy in the results of independent studies even though the measure-
ments must be considered to be extremely reliable in comparison to the 
indirect methods which were discussed previously. One interesting point 
of which to take note is that Fehlner and Koski state that their data 
imply the BHp concentration to be about two to three times as large as 
the BBL concentration, while Sinke, _et al., assume the BBL peak resulted 
from the fragmentation of BBL. 
Ul 
Fehlner and Koski studied the pyrolysis of BH CO in a low pressure 
flow system using a mass spectrometer. The bond dissociation energy of 
20 
BH„C0 was estimated from the data which, when combined with Burg's equi-
librium data, gave the energy of dissociation of diborane as 37.1 ± k 
kcal/mole. BH„ was also observed in this study as confirmed by rough 
appearance potential measurements. In this paper, Fehlner and Koski noted 
that the coating of the reactor with Alp0 did not affect the production 
of BH from BH CO or B L , but did greatly inhibit the formation of BH 
from BpH^. Based on the work with the pyrolysis of B L and BH CO, 
1+2 
Fehlner described a mechanism for the pyrolysis of B L that included 
BHp and BH as intermediates. He noted that this mechanism was very 
9 
similar to the Rice-Herzfeld mechanism for the pyrolysis of hydrocarbons. 
Again utilizing a Knudsen-type cell and mass spectrometric detec-
tion, Baylis , _et al., investigated the pyrolysis of B X in order to 
observe any mono-, tri-, or tetraborane species that had been heretofore 
unobserved but postulated in reaction mechanisms. Their attempt resulted 
in data which indicated the presence of a B~H molecule and a tetraborane 
3 x 
that could possibly be B.Ho. In addition, BH was again observed. Thus, 
the experimental observations of Baylis, _et ail., appeared to be in accord 
19 16 ^3 
with the arguments of Schaeffer , Clarke and Pease , Lipscomb , and 
others ' concerning the existence of BH , B H , and B H as inter-
5 5 ( J 7 
mediates in the pyrolysis of BJEL and concerning the formation of a tetra-
d. O 
borane prior to pentaborane. However, these results did not agree with 
the mechanism proposed by Fehlner . The intermediate species of his 
mechanism did not include the triborane intermediates, but were concerned 
mainly with H, BH , BH , BH« , and B H . H, BHi , and B H have, not been 
reported in the pyrolysis of BpH/-, although BpHq has been postulated in 
the photolysis of BpH^ 
This review of the literature points out the controversy that 
existed concerning the reaction mechanisms, the energetics, and the 
possible existence of certain unstable intermediates involved in the pyrol-
ysis of BpH/- and other boron hydride compounds. Both indirect and direct 
experimental measurements had failed to fix the dissociation energy of 
B L with any certainty, the values obtained thus far ranging from approxi-
mately 27 to 55 kcal/mole. And even though the existence of BH^ had been 
fairly well established due to three independent observations, BHp had not 
been included in the published work of one group which observed BH„ under 
10 
conditions similar to those reportedly producing both BHp and BH . These 
were the existing differences which, among other problems, were to be 
examined and for which solutions were hopefully to be found. 
The secondary effort made to synthesize HpBF was not supported by 
quite the experimental evidence that has been presented for the existence 
of BH„. In fact, the only mention of a reactive monohaloborane (H BX, X = 
F, CI, Br, or I) found in the literature was the suggestion of H BC1 as 
kk 
an intermediate in the reaction of BC1~ and B^H^ . HBF~ had been pre-
j do d 
pared in large yields and found to be quite stable at approximately 
o 1+5 50 
-169 0 ' ^ . Of cou r se , the very s t a b l e compound BF„ i s w e l l known. The 
existence of HpBF with properties intermediate to the very reactive BH„ 
molecule and to the considerably more stable HBF molecule appeared 
plausible if from nothing more than the idea of continuity in the series 
of compounds from BIL to BF . 
11 
CHAPTER I I 
APPARATUS AND EXPERIMENTAL TECHNIQUES 
Introduction 
The major piece of equipment used in this work was a Bendix Time-
of-Flight Mass Spectrometer, Model 12-107. A detailed description of the 
mass spectrometer, its auxiliary equipment, and circuitry for the retard-
ing potential difference (RPD) method of ionization potential measure-
51 
ments by Fox, _et _al. , is given in a thesis from this laboratory by 
52 
Martin . However, two modifications have since been made for applica-
tion in this work. A blanking circuit for the elimination of large 
interfering ion signals is described in Appendix A. The other modifica-
tion,concerned with the increase of trap current(intensity of the ioniz-
ing electron beam)for greater sensitivity in the RPD mode, is dealt with 
in Appendix B. 
The cryogenic inlet system used for the quenching experiments is 
52 
described in part by Martin . A more complete discussion of the design 
considerations, mechanical description, and operation of a combination 
reactor and inlet system that has been developed in this laboratory is 
53 5I4. 
presented by Malone ' . The auxiliary equipment and experimental pro-
cedure for quenching experiments with BH„ and H BF,as well as for the 
pyrolysis and rf discharge experiments involving the synthesis and. the 
appearance potential studies of BH„, are described here. Of the equipment 
involved in the latter experiments, only the coaxial furnace inlet system 
12 
and one of the hot filament inlet systems actually produced evidence of 
BtL. Although the use of the furnace beam inlet system and the rf dis-
charge tube inlet system did not result in the synthesis of BH~, future 
studies of other unstable species may well employ these inlet systems 
quite successfully. 
The details for the synthesis of dimethylanilineborane that was 
also used in pyrolysis experiments for the production of BEL are presented 
in this chapter. 
Furnace Beam Inlet System 
General Design Considerations 
As mentioned in Chapter I, although BH had not been directly 
observed by experimental means when this thesis work was initiated, 
indirect evidence had been presented for its existence in many pyrolysis 
experiments, particularly in the pyrolysis of BpH^. Therefore, a rather 
obvious first step in this series of experiments was the construction of 
a suitable furnace for the production of BH from B h>. Rather than the 
usual static system employed by previous experimentalists who were mainly 
concerned with kinetic studies, a steady-state flow system was desirable 
from the standpoint of the stability required for energy measurements 
and of the need to readily investigate various pyrolysis conditions for 
the optimum production of BH„. The latter followed primarily from the 
anticipated quenching experiments. Relatively high temperatures appeared 
desirable since AG of the reaction 
B2Hg - 2BH3 (1) 
13 
is approximately 0 at 800 K, as calculated from estimated thermodynamic 
55 
data , becoming increasingly negative at higher temperatures. This indi-
cates, of course, a very favorable equilibrium constant for the formation 
of BHQ. The high temperatures pose the disadvantage, however, of the 
possibility of decomposition of BH and B IL- into boron and hydrogen. 
Therefore, another purpose of the fast-flow system was to overcome the 
rates of decomposition of the reactant and product. Low pressures were 
also deemed necessary. First of all, this would mean a shift to the right 
in Equation (l) according to LeChatelier's principle. Secondly, lower 
pressures would result in fewer intermolecular collisions and hinder the 
reactions of the BH„ molecule in forming higher boron hydrides. 
From the preceding considerations, the furnace beam inlet system 
was constructed. The arrangement is similar in some ways to inlet systems 
56 57 
first used by Eltenton and subsequently highly developed by Lossing , 
58 59 
Dibeler , and others 
Mechanical Description 
The furnace beam inlet system is shown schematically in Figure 1. 
The main parts are a 3/8 inch OD stainless steel furnace tube (l) through 
which the gas sample is admitted, a 1-1/2 inch OD stainless steel exhaust 
tube (2) which contains the furnace tube and acts as an exhaust tube and 
cooling tube for the gas from the furance, and a U-l/2 inch OD stainless 
steel piston (3) which moves in a double O-ring gland into a vacuum lock 
and which is connected to a 3 inch OD extension can (k) that moves to 
within 3/l6 inch of the ion grids of the mass spectrometer. The physical 
arrangement of the inlet system in place is essentially identical to that 


























































the gas sample travels down the furnace tube, is heated by a length of 
nichrome wire wound furnace (5) (whose upper temperature limit is approxi-
mately 1000 C), and impinges upon a thin metal foil (6) which is mechani-
cally sealed into the end of the exhaust tube. A cooling coil (7) is pro-
vided should it be necessitated by the furnace temperature and gas flow 
rate. The thin metal foil (about 0.010 inch thick) allows a jet of the 
gas to be admitted into the intermediate pumping space. The foil may be 
nipple shaped as shown to allow the orifice, in the deepest part of the 
nipple, to extend into the furnace region and consequently to be at 
approximately the same temperature as the gas from the furnace. The inter-
mediate pumping space, which is that volume lying within the piston and 
extension can and outside of the exhaust tube, is evacuated by a diffusion 
pump system. The jet of gas then strikes another thin metal foil (8) 
which is located within 1-1/8 inches of the electron beam and which serves 
to collimate the stream of gas. Under the conditions of pressure in the 
intermediate space and assuming the gas leaving the first foil is at 
approximately the same temperature as the furnace, it would be expected 
that molecular flow is experienced through the final foil and therefore 
the mass spectrometer would essentially be recording the composition of 
the reactant gas as it exists in the furnace. 
Several features were incorporated in the design of the apparatus 
to provide for flexibility and convenience in operation and maintenance 
of the system. For instance, the furnace tube and exhaust tube are mounted 
through flanges by sleeves (9) and (10) which are free to slide in C-ring 
seals. By means of adjusting screws (ll) and (12.) on the tubes, the dis-
tance between the end of the furnace tube and the first foil may be varied 
16 
as may the distance between both foils. Adjustment of these two parameters 
would presumably produce an optimum sample beam for analysis by the mass 
spectrometer. Also, for alignment of the holes in the foils, three posi-
tioning screws (13) are provided which enter through O-ring seals in the 
flange on the extension can at right angles to and bear upon the exhaust 
tube. 
Concerning the maintenance of the system, it was believed that 
plugging of the orifices by deposited boron might prove to be a problem. 
Therefore, the design is such that for removal and replacement or clean-
ing of the foils the apparatus may be withdrawn from the mass spectrometer, 
the compression nut (ik) and the foil(8) removed from the outside, and 
then through the resulting opening the remaining compression nut (15) 
and foil (6) may be removed. 
The headers on the exhaust tube and the piston were provided with 
terminals for power and thermocouple connections. The temperature of 
the furnace was measured by a chromel-alumel thermocouple imbedded in the 
furnace insulation. Thermocouples were also placed at several points, 
such as near the O-ring seals and wherever else it was felt that overheat-
ing might occur. 
Figure 2 shows a simplified flow diagram of the experimental setup. 
The flow rate from the diborane cylinder (l) was measured, by a Fischer 
and Porter flow meter (2). The leak valve (3) and the throttle valve (U), 
Veeco Model FR-100-S, were manipulated to control the flow rate and the 
furnace pressure, which may be varied from a few microns to several 
millimeters of mercury. For pressures greater than approximately one 











































































































































used, whereas a Vactronic Model W-50 leak valve was employed for lower 
pressures. Vacuum gauges (5) and (6) indicated the pressure drop through 
the system and also the approximate furnace pressure. Again depending 
upon the range of pressures involved, a Dubrovin vacuum gauge, a McLeod 
vacuum gauge, or a Veeco cold cathode discharge gauge was utilized. Both 
the intermediate pumping space and the furnace exhaust tube were evacuated 
by diffusion pump systems, though for pressures above one millimeter of 
mercury only a mechanical pump was used to exhaust the furnace. 
Experimental Procedure 
The pyrolysis of B0IL. was investigated by means of the furnace 
2 O 
beam inlet system over a wide range of operating conditions. Flow rates 
up to a maximum of 150 std. cm /min were studied at pressures of 20 to 
-k 
approximately 10 ram Hg. The flow rates at the lower pressures were too 
low to permit determination, though the Vactronic leak valve will supposed-
ly allow control down to 0.01 std cm /sec. Temperatures as high as 900 C 
were involved. The pyrolysis furnace was packed with stainless steel 
turnings in several experiments. 
Although rough calculations were made to determine the amount of 
gas that would be admitted through the two orifices and into the ionization 
region of the mass spectrometer, a trial-and-error method was used to 
determine a satisfactory orifice size for different operating conditions. 
In all cases, the orifice must allow a quantity of gas to enter the ioni-
zation region which is sufficient for appearance potential measurements, 
yet must not permit a quantity so large to enter that either the multi-
plier plates become saturated (the blanking circuit had not been installed 
at this time) or the pressure in the mass spectrometer rises above 2 x 10 
19 
mm Hg, a maximum pressure as recommended by Bendix if ion-molecule reac-
tions are to be of no significance. The orifice sizes varied from 0.010 
to O.O63 inches in diameter. Additional experiments were conducted in 
which only one foil was present and in which both foils were removed and 
the furnace tube exit advanced as close to the electron beam as possible, 
a distance of 1-1/2 inches. The pyrolysis reaction was monitered by 
recording the mass spectrum on a Honeywell 906 Visicorder and determining 
whether or not the m/e = Ik peak, corresponding to B H~, or the ratio 
11 
of m/e = lU to m/e = 27, the latter corresponding to B nfit* experienced 
any significant increase that would indicate the presence of BH as a 
free species. In addition, by noting the value of electron energy at 
which the m/e = 1^ peak vanished, the presence of free BH„ would be 
signified by a lowering of the vanishing point by an amount approximately 
equal to the dissociation energy of BpH^. 
Coaxial Furnace Inlet System 
The tubular furnace shown in Figure 3 was constructed for pyrolysis 
studies at inlet pressures up to 0.5 mm Hg and temperatures as high as 
o 
500 C. The furnace was mounted coaxially with the drift tube of the mass 
spectrometer inside the fast reaction chamber (l) of the ion source header 
The most desirable feature of this system was that it allowed the furnace 
exit to be positioned anywhere from being completely immersed in the 
electron beam to about one inch away. In comparison, the furnace exit of 
the furnace beam inlet system could be advanced no closer to the electron 
beam than 1-1/2 inches. 
































































































































































































could be positioned by sliding through an O-ring sealed quick-disconnect 
joint (3). The heated region (h), usually one inch in length, was wound 
with nichrome wire coated with Sauereisen Insa-Lute Adhesive Cement for 
uniform heating as well as for insulation between the wire and the fur-
nace tube itself. The temperature of the furnace was measured by a 
chromel-alumel thermocouple imbedded in the Sauereisen. Power and thermo-
couple leads were introduced through high vacuum electrical feed throughs 
(5). Furnaces of alumina and quartz (one inch in length and one millimeter 
ID) were also employed by simply sealing them into the end of the 1/8 inch 
tube with Sauereisen. In some instances, the stainless steel furnace was 
packed with five or six one inch lengths of monel capillary tubing. 
In operation the sample gas was introduced by means of a Vactronic 
Model W-50 leak valve connected to a suitable delivery system (usually 
a lecture bottle filled with BpH^-). The inlet pressure was determined by 
either a thermocouple gauge, a Veeco cold cathode discharge gauge, or a 
Consolidated Type 1+1550 micromanometer. The production of the species of 
interest was maximized by varying pressure and temperature. It was found 
that in most cases a temperature greater than approximately U00 C would 
result in a decrease in BHQ production, probably due to its decomposition 
into boron and hydrogen. This upper temperature depended, of course, upon 
the dimensions of the particular furnace. 
In initial experiments with this system, the sample gas from the 
furnace traveled into the ionization region of the mass spectrometer 
through the standard 0.032 inch orifice in the fast reaction chamber of 
the ion source header and then through a similar orifice in the backing 
plate located slightly less than 0.5 millimeters away. It was later found 
22 
necessary to enlarge both orifices to l/k inch and to cover the opening 
in the backing plate with the fine mesh that is used on the ion grids. 
With the backing plate removed, the furnace exit could be positioned 
directly in the electron beam. However, this caused a lowering of the 
appearance potentials of all species present, including the inert cali-
brating gas, argon. When the exit was positioned at the bottom of the 
fast reaction chamber, this effect was not noticable. At first it was 
believed that the potential existing on the furnace windings was accel-
erating the ionizing electrons to an energy a few volts higher than that 
indicated by the electron energy potentiometer. These observations were 
made with furnaces having a single winding of heating wire. Later, when 
using a furnace with a double winding of wire, the appearance potential 
lowering was again noted even though the furnace exit was not advanced 
into the ionizing region and the grounded end of the windings was located 
at the furnace exit. Now, the most reasonable explanation of this phe-
nomenon appeared to be that the alternating magnetic field created by the 
furnace was causing acceleration of the electron beam, the effect being 
more noticeable for a furnace with a double winding of heating wire than 
with a single winding. The use of a noninductively wound furnace would 
have clarified this situation, but was not done in these experiments. 
A few pyrolysis experiments were conducted using the furnace 
53 attachment for the cryogenic inlet system as described by Malone . This 
consisted of a 1-1/2 inch long alumina tube (one millimeter ID), heated 
over a one inch length by a coil of tungsten wire, which replaced the ex-
tension piece of the inlet system. The exit of the furnace tube could be 
positioned in the edge of the electron beam of the mass spectrometer. 
23 
Temperature was measured by a copper-constantan thermocouple imbedded in 
the Sauereisen Insa-Lute Cement which coated the heater wire and furnace 
tube. 
Hot Filament Inlet System 
Pyrolysis of B0EL- was carried out by means of the hot filament 
d. o 
52 
inlet system described by Martin which was positioned in the fast 
reaction chamber of the ion source header. Filaments of platinum, tung-
sten, and nichrome were studied. The maximum temperature examined in 
each case was that at which the metallic filament collapsed. This 
temperature was about 1700 C for platinum, 1100 C for nichrome, and 
3000 C for tungsten. Temperatures were determined by sighting through 
an observation port with a Leeds and Northrup Model 8622-C optical pyrom-
-h -2 
eter. Pressures ranged from approximately 10 to greater than 10 mm 
Hg as indicated by a Veeco cold cathode discharge gauge. This series of 
experiments was conducted before the orifices in the fast reaction cham-
ber of the ion source and in the backing plate were enlarged. 
53 
The hot filament system described by Malone was also used for a 
few pyrolysis studies. In this arrangement, a coiled wire filament was 
installed directly across the exit port in the extension piece of the 
cryogenic reactor inlet system. With the inlet system positioned so that 
the wire filament was tangent to the electron beam, a species could be 
pyrolyzed by a single collision with the filament and analyzed immediately. 
Temperatures were again determined by optical pyrometry. Filaments of 
zirconium, molybdenum, niobium, titanium, and tantalum, in addition to 
those just mentioned, were utilized. 
2k 
Radio Frequency Discharge Tube Inlet System 
36 
Prompted by the observations of Bolz3 Mauer2 and Peiser on the 
microwave discharge of B L ; a radio frequency discharge of B hL- was 
attempted to produce BEL. The experimental arrangement is shown in 
Figure hB The 3/8 inch OD pyrex or quartz discharge tube (l) was sealed 
into the fast reaction chamber (2) of the ion source by an O-ring sealed 
quick-disconnect joint (3). The orifices in the fast reaction chamber 
and the backing plate were enlarged at this time. A carrier gas and 
diborane were admitted through Vactronic Model W-50 leak valves (h) and 
(5). The discharge was generated by means of a 50 turn, one inch diameter 
coil (6) powered by a Hallicrafter*s BC-610 radio transmitter. 
The discharge circuitry is described in detail in a thesis by 
60 
Bivens from this laboratory. A 650 volt potential supplied by several 
batteries in series (7) was applied between two parallel metal strips (8) 
placed on either side of the discharge tube. This was necessary to pre-
vent ions produced by the discharge from entering the ionization region 
of the mass spectrometer and creating noise. Several turns of aluminum 
foil (9) situated on either side of the discharge coil confined the visible 
glow of the discharge within the region between the aluminum foil. Other-
wises the discharge glow would extend over the entire length of tube, heat-
ing up the tygon connections to the valves, thereby introducing impurities, 
and causing noise in the spectrometer. An attempt was made to conduct an 
in-line discharge, i.e., with the discharge tube coaxial with the drift 
tube. However, all efforts to prevent ions from entering the ionization 
region failed. It was decided that the 3000 volt drop across the discharge 






































































































































the wallsj in order to allow neutralization,, by the methods used. The 90 
degree bend in the discharge tube of Figure h was successful in elimi-
nating the majority of the ions, but the parallel metal strips were 
necessary for their complete elimination. 
In operation, argon or hydrogen was introduced upstream of the 
discharge coil and the pressure adjusted until a fairly intense dis-
charge was obtained (about 0,05 mm Hg for argon and considerably higher 
for hydrogen). Diborane was injected downstream of the discharge coil in 
order to prevent deposition of boron in the region of the coil, which 
would result in a decrease in the efficiency of the discharge. The flow 
rates of diborane were varied from so low a rate that the BpRV peaks 
were barely detectable to so large a rate as to cause saturation of the 
multiplier plates (approximately 0.1 mm Hg), the blanking circuit having 
yet to be ins tailed„ The intensity of the carrier gas discharge was also 
varied. Argon was found to be the better carrier gas for the discharge 
in that lower pressures could be utilized and a greater fraction of the 
diborane could be dissociated. Evidently, for the dissociation of B^RV 
argon is a better energy transfer agent than is hydrogen. Although the 
visible glow of the discharge did not extend to the 'B„EV inlet, metallic 
boron was coated on the tube walls over a length of several inches where 
the glow was present. Evidently, the diborane was diffusing upstream and. 
discharging in the glow region. 
v ry c1g_ejî _In_l̂ _̂_̂ s_te m 
As previously mentioned, the mechanical description and operation 
53 5' of the cryogenic inlet system, proper is presented in detail by Malone ' 
27 
Only the adaptations for pyrolysis and discharge experiments are given here. 
Pyrolysis Experiments 
Figure 5 shows the experimental arrangement for the production of 
BH„ and its subsequent cryogenic quench. The l/8 inch OD stainless steel 
furnace (l), which was used for pyrolysis studies in the coaxial arrange-
ment, was silver soldered into the end of a 5/l6 inch OD monel tube (2) 
and the assembly mounted in a brass header (3) provided with power and 
thermocouple lead throughs. The assembly was connected to the reactor 
header (h) of the cryogenic inlet system so that the furnace exit was 
positioned within l/2 inch of the tapered region (5) within the outer re-
frigerant chamber. The monel tube was wrapped with insulating tape to 
prevent freezing of BpH^ on the walls, though the possibility appeared 
remote. BJHA was introduced through a Vactronic Model VV-50 leak valve 
d b 
(6) and the pressure measured by a thermocouple gauge (7). 
The optimum conditions for producing BH~ with this particular 
furnace had already been determined as a pyrolysis temperature of 380 C 
and an inlet pressure of 0.1 mm Hg. The pyrolysis of BptL- was conducted 
at these conditions and the furnace effluent was quenched to about 55 K 
during an approximately one hour run. The products were analyzed mass 
spectrometrically during gentle warm-up of the system. The analysis was 
accomplished by the usual technique of approximate appearance potential 
measurements and by the recording of mass spectra at different tempera-
tures. The pressures involved were low enough to permit the pyrolysis to 
take place with the cryogenic inlet system extension piece advanced into 
place tangential to the electron beam. -Hence, the volatile species at 



















duct quench itself. The reactor space was continuously evacuated by a 
diffusion pump system. 
The quenching temperature was attained by flooding the two refrig-
erant chambers with liquid 0 and then pumping on each chamber with a 
mechanical pump. The inaccuracy of the thermocouples prevented the deter-
mination of the actual temperatures involved. However, the temperature 
dropped approximately 30 to 35 K in a fifteen minute period and leveled 
off for another fifteen minutes before decreasing at a very slow rate. 
Thus, it appeared that the 0 had frozen and then the solid 0 had further 
cooled to a few degrees below the melting point. Once the temperature had 
experienced its initial drop, the pyrolysis could be conducted at 3̂ 0 C 
for approximately one hour before the outer refrigerant chamber began to 
warm. The inner chamber would hold the quenching temperature nearly fifteen 
minutes longer. Of course, after both chambers had been emptied of 0p, no 
control over warm-up of the cryogenic inlet system was possible. However, 
as long as the refrigerant chambers were evacuated, the warm-up rate to 
room temperature was slow enough to permit a reasonable analysis of evolved 
products. 
Experiments were performed in which pyrolysis products were quenched 
on the metal reactor space walls and also in which the reactor space was 
glass lined. In addition, conditions corresponding to low deposition 
rates were investigated should a lack of sufficient rate of heat transfer 
allow heating of the deposited film of gases. 
Radio Frequency Discharge Experiments 
The experimental arrangement for the production of HJ3F involved 
the radio frequency discharge coupled to the cryogenic inlet system as 
30 
shown in Figure 6. The pyrex discharge tube (l) seated into a taper joint 
(2) which was attached by means of a glass-to-metal seal (3) to the re-
actor header (k). The end of the discharge tube extended to the center 
of the outer refrigerant chamber. The one millimeter ID glass capillary 
(5) extended to the end of the discharge tube for some experiments and 
to within one inch of the end for others. The discharge tube within the 
refrigerant chamber was wrapped with aluminum foil to prevent freezing 
of BJHL in the capillary. The discharge coil (6) operated as mentioned 
2 o 
previously and BpHV3 B.F 5 and argon were admitted through high vacuum 
leak valves. Pressure was indicated by a thermocouple gauge located up-
stream of the discharge coil. The experiments were performed with the 
reactor space glass lined. Again., operating conditions permitted the re-
action to be performed with the cryogenic inlet system advanced into prop-
e r analytical position. Both liquid 0 and liquid N were used as coo-
lants, the lowest temperature investigated being approximately 55 K ob-
tained by pumping on liquid 0 . 
The experimental procedure involved introducing argon to a pressure 
of about 0.06 mm Hg to obtain a fairly intense discharge and then admit-
ting BF„ until the total pressure was 0.5 to 1.0 mm Hg . The 
diborane flow was adjusted to produce an in.let pressure of about 0.1 mm 
Eg, Naturally, the desired quenching temperature of about 55 K or 77 K 
had already been attained and the discharge was carried out for approxi-
mately Ito l-l/S hours. Product analysis was conducted upon warm-up as 
previously described,, Analysis of the unreacted feed gases in both the 









































































































































Martin gives a fairly complete discussion of the theory and ex-
perimental methods for determining the energetics of molecules and free 
radicals by mass spectrometry c techniques utilizing the Bendix time-of-
flight spectrometer. However, the semi-3og matching method of Foner and 
Hudson ' ? which was not discussed by Martin' } was the primary technique 
employed in this work. 
The energy scale was usually calibrated with argon each time the 
appearance potential of a particular ion was determined. Since the 
species of interest was present in the majority of cases only as a small 
fraction of a considerable flow of sample, it was much simpler to adjust 
the peak height of the ion of interest to match that of argon rather than 
employing the reverse procedure;, which is normally followed. In contrast 
53 
to experiences with compounds such as the oxygen fluorides , the cali-
bration of the energy scale essentially did not change even in day-to-day 
operation. In fact, the cleaning of the electron grids and replacement 
of the filament had practically no effect on calibration. On the basis 
of this, later appearance potential measurements were made by performing 
only one calibration even when the appearance potentials of up to four 
different ions were desired during a single experiment. In all pyrolysis 
experiments, the calibration was conducted with the furnace on in view of 
the appearance potential lowering effect that had been observed and which 
was discussed earlier. 
33 
Dimethylanilineborane Synthesis Procedure 
Approximately IOC milliliters of dimethylaniline were dried with 
several grams of sodium aluminum hydride. The dry product was then dis-
tilled under vacuum in an atmosphere of nitrogen, the total pressure 
being about 1.0 mm Hg. The reaction between diborane and dimethy laniline 
was performed by bubbling diborane through a 1:1 mixture of the aniline 
compound and diethyl ether in a stirred reactor (the synthesis was carried 
out in a hood). The reactor was a three-necked flask provided with a 
magnetic st diborane inlet line with a fritted end which extended 
below the liquid level in the flask, a thermometer, and a water-cooled 
cutlet line. The entire system was flushed with nitrogen prior to re-
action and the synthesis was conducted under a positive nitrogen pressure 
of a few millimeters of mercury. The outlet line was equipped, with a 
checK valve, simply a U-tube filled with several inches of mercury, to 
prevent air from being sucked back into the system in the event of a loss 
of positive pressure. Diborane was bubbled through the dimethylaniline 
for approximately two hears at such a rate that the temperature of the 
o 
liquid did not rise above 30 C. The observation of a significant increase 
in the viscosity of the reaction mixture and of a greenish flame when the 
cutlet gas was ignited indicated that the reaction was essentially com-
plete. The conversi.cn. was almost 100 percent as demonstrated by a titra-
tion of the reaction product. 
Dimethylanilinebcrane was found to be very stable at room tempera-
ture when a system containing the compound was evacuated for several days 
•A-
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anilineborane. 
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by a mechanical pump without any noticeable loss of sample. In contrast, 
an equal amount of dimethylaniline could be pumped away within a few hours. 
Purity of Gases Used in Synthesis Experiments 
Diborane was obtained from the Gallery Chemical Company, Callery, 
Pennsylvania, as a compressed gas in 100 gram lots. The diborane was 
stored at dry ice temperature to prevent decomposition and reaction. For 
the experimental work, a lecture bottle was filled with the diborane to 
a total pressure of about 30 psig. An analysis by means of the mass 
spectrometer revealed no detectable impurities. However, after the di-
borane lecture bottle had been used for several days while at room tempera-
ture, hydrogen and higher toranes such as BiH could be detected. At 
this time the lecture bottle was refilled from the main cylinder. 
Boron trifluoride of a 99 • 5 percent minimum purity was obtained 




RESULTS AND DISCUSSION 
Review of Preliminary Experiments 
Furnace Beam Inlet System 
The pyrolysis of B IL- in the furnace beam inlet system shown in 
Figure 1 failed to produce evidence of free B1L either by appearance 
potential lowering or by a significant change in the BH~/B„H^ ratio. 
The reasons for this failure became clear after later pyrolysis experi-
ments in the fast reaction chamber of the ion source header were per-
formed using the apparatus shown in Figure 3 and after a study of the 
variation of sensitivity as a function of distance from the electron 
53 beam was conducted by Malone . First of all, it became apparent that 
any BHQ that may have been produced was being lost by decomposition or 
recombination during passage through the beam collimating metal foils. 
In addition, a decrease in sensitivity by a factor of 200 for an unstable 
species with the furnace exit positioned 3 centimeters from the edge of 
the electron beam was indicated by Malone's calculations. These calcula-
tions were, incidentally, verified experimentally. Considering the fact 
that the eventual maximum output of the mass spectrometer electrometer 
due to BH„ was 5 millimicroamp (at an electron energy low enough to pre-
vent interference of BH„ from B L by fragmentation), such a decrease in 
sensitivity would fall in the region of minimum detectable output of the 
electron multiplier and electrometer system. Had the mole fraction of 
36 
BH in the effluent gas been on the order of 0.1 or greater, as indicated 
by free energy considerations at temperatures of approximately 1000 C, 
the observation of BH by means of the furnace beam inlet system may well 
have been successful. However, as discussed later, the decomposition of 
both the B„H^ and the pyrolysis products at approximately 350 to ̂ -00 C 
d. o 
limited the maximum BH„ production. 
Hot Filament Pyrolysis 
The failure of the furnace beam inlet system to produce BH~ led 
to pyrolysis experiments in the fast reaction chamber of the ion source 
header in order to decrease the distance between the electron beam and 
the region of pyrolysis. In this series of experiments and later prelim-
inary experiments with the tubular coaxial furnaces, the orifices in the 
fast reaction chamber and the backing plate had not been enlarged and 
were the standard 0.032 inch as supplied by Bendix. This was not thought 
to be of any concern because molecular flow would be expected at the 
temperatures and pressures involved and, most convincingly, previous work 
52 by Martin ' had resulted in the production and observation of CF„ after 
the pyrolysis products had effused through the 0.032 inch hole in the 
fast reaction chamber. 
The pyrolysis of BpH^ on filaments of platinum, nichrome, and 
tungsten failed to indicate the presence of BH by appearance potential 
lowering. However, a change in the BH./B H ratio was noted in these 
experiments. For example, the pyrolysis of BpH^ on a nichrome filament 
li "3 
at temperatures of 900 to 1000 C and pressures of 10~ to 10" mm Hg 
+ / + -3 
in the fast reaction chamber produced a BĤ /BpH,- ratio of 1.5 x 10 
This ratio at room temperature was half as great. This was not a signifi-
37 
cant change and could be attributed to the variation, in the mass spectrum 
52 of" parent compounds with temperature „ If the increase was actually due 
to BH...5 it was too small to be detected by the appearance potential lower-
ing method. 
Coaxial. Furnace Inlet System 
The results of the pyrolysis of BpH> before enlargement of the 
orifices between the furnace exit and. the electron beam in the ion source 
header were essentially identical to those just described. That is, there 
was no evidence of BIHL from appearance potential lowering even though the 
B£L/B-H_ ratio was seen to increase with temperature. In view of the fact 
3 2 5 
that BH was observed with the furnace exit in essentially the same posi-
tion, approximately l/4 inch from the electron beam, after the orifices 
were enlarged, it became clear that the relatively few wall collisions 
suffered by the BEL molecules in passing through the 0.032 inch holes were 
sufficient to cause decomposition or recombination, probably the former. 
The pyrolysis of dimethylanilineborane, again before enlargement of 
the orifices in the fast reaction chamber and the backing plate, produced 
no BH„ as would be expected from the previous discussions. The pyrolysis 
was expected to occur according to 
BH3 
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When an increase in the m/e = lk peak was observed at a pyrolysis tempera-
tare of approximately h-OQ C, it was at first believed to be resulting 
from EH„. However, during a subsequent pyrolysis of dimethylaniline, the 
identical effect was observed. The conclusion was that CHp was causing 
the increase in the m/e = 1^ peak. 
The pyrolysis of dimethylanilineborane was not carried out after 
the orifice modifications. However, its instability with temperature 
increase should prove dimethylanilineborane to be a suitable compound 
for the production and study of the BH molecule. This became apparent 
when B.̂ Ĥ  was observed as a result of heating the dimethylanilineborane 
sample to 35 C in order to increase its vapor pressure for greater flow 
rates into the pyrolysis furnace. 
rf Discharge Experiments 
The rf discharge of B„H^ with and without a carrier of argon or 
d o 
hydrogen, did not result in the observation of BH,_. The discharge experi-
ments were performed both before and after the orifice enlargements. The 
reasons for the failure to observe BH„ in the former case have been made 
obvious. The inability of the BH molecule to survive a travel of 12 
inches in the quartz discharge tube from the discharge region to the 
electron beam was made clear in the cryogenic quenching experiments. This, 
of course, presupposes that BH was actually produced in the discharge. 
It is very likely that the rf discharge is so energetic as to cause de-
composition into boron and hydrogen rather than forming BH„. 
A discharge of air and argon generated NO and N O along with N and 
0 atoms which could, be observed by the mass spectrometer. However, even 
the stable products NO and No0 were produced in such relatively small 
39 
quantities that the possibility of observation of BH by rf discharge 
appeared even less likely. 
An obvious improvement on this experiment would be to position 
the discharge tube so that the products would be exhausted immediately 
into the electron beam. However, the problem of noise with the discharge 
tube in the coaxial position has been mentioned. A perpendicular arrange-
ment, similar to that of the cryogenic inlet system, might lessen this 
problem since externally produced ions would enter perpendicularly to 
the mass spectrometer drift tube. This would mean less coaxial drift 
between the occurrence of icn pulses,which is the source of the noise. 
Another difficulty is introduced, though, in that the very strong magnetic 
field of the rf discharge coil would have a very pronounced, effect on the 
electron beam. Whether or not this could be compensated for by means of 
a calibrating gas, as was done with the coaxial pyrclysis furnace, is a 
matter of conjecture. 
Pyroiysis Studies of BH and BH 
BH was first observed, in pyroiysis experiments with the hot fila-
ment arrangement on the extension piece of the cryogenic inlet system de-
53 scribed by Malone . BH~ was synthesized upon pyroiysis of B X by every 
filament listed in Chapter II. No quantitative analysis was made of the 
relative amounts of BH~ produced due to the high noise levels created by 
the filaments in the temperature range of the pyroiysis, i.e., 700 -900 C. 
Also, the amount of BH was relatively small compared to the tubular fur-
nace pyroiysis experiments because of smaller heating surface area and. 
also due to the lack of orientation of flow into the electron beam after 
1+0 
contact with the hot metal filament. However, by studying the mass spectra 
of the pyrolysis products displayed on the oscilloscope, it appeared that 
the quantity of BH produced did not depend on the type of filament used, 
thus indicating no catalytic effect in the dissociation of B^hV into BH~ 
fragments. 
The pyrolysis of BpH/- for the synthesis of BH was also conducted 
by means of the tubular alumina furnace attachment to the cryogenic in-
53 let system again described by Malone . A few preliminary appearance 
potential measurements were made. However, due to the difficulty in re-
moving and reinstalling the cryogenic inlet system when furnaces of 
different materials and dimensions were desired, future pyrolysis experi-
ments were carried out in the coaxial furnace arrangement shown in 
Figure 3. It was at this time that the 0.032 inch orifices in the fast 
reaction chamber and the backing plate were enlarged to l/h inch. The 
difference in sensitivity between the coaxial and. the perpendicular 
arrangement was of some concern, but little change was subsequently found. 
5-5 5I4. 
This was also later indicated by Malone'ss calculations. 
The quantity of BH produced under particular conditions of tempera-
ture and pressure was found to be independent of the furnace material. 
The BH~ signal rose in intensity with temperature, beginning at approxi-
mately 200 C, leveled out at about UOO C, and decreased at higher tempera-
tures, the rate of decomposition into the elements becoming predominate. 
This temperature of maximum concentration at a particular pressure naturally 
varied with the furnace dimensions. For example, a 1,9 millimeter ID fur-
o 
nace required a temperature of approximately 390 G for maximum BH~ produc-
tion, whereas a temperature of 320^0 for a 1.0 millimeter ID furnace re-
kl 
suited in the maximum concentration. 
No attempt was made to measure the relative peak heights of the 
BH and the BJI species in order to estimate the concentration of B£L 
x 2 x 3 
at the conditions of maximum. BEL signal output. This was because the 
intensities of the B„H peaks were so large that the blanking circuit 
2 x 
was required for their elimination. If the blanking circuit were not 
in operation., the multiplier was essentially at its saturation level., at 
which stage the output readings became erroneous. 
Essentially no higher boron hydrides were formed in these experi-
-2 
ments even at furnace pressures as high as 10 mm Hg (the calculation 
of the pressure in the pyrolysis region is given in Appendix H). An 
exception was the l/8 inch stainless steel furnace packed with four monel 
tubes with a total heated length of 1 inch. The deposition of boron 
eventually caused this furnace to plug. Shortly before this occurred5 
the formation of BLH_ ? B H.(., , and possibly higher boron hydrides was 
observed. The gradual, build-up of boron necessitated a higher and higher 
upstream pressure in order to maintain a constant flow through the furnace. 
Naturally, this resulted in higher pressures in the pyrolysis region and 
therefore sufficient numbers of intermolecular collisions for formation 
ko 
of higher boranes. Baylis s et al.2 in their study of triborane and tetra-
borane intermediates in the pyrolysis of diborane, began to detect higher 
o -3 
boron hydrides at 250 C and 4 x 1.0 mm Hg in a baffled furnace. The use 
of a baffled furnace would explain product formation at the slightly lower 
pressure because of increased contact time. The importance of these obser-
vations is seen later in discussions of the BH molecule. 
The reported detection of the BBL molecule in the pyrolysis of 
k2 
39M 
B„H,- by Fehlner and Koski , prompted a search for its presence, along 
with BIHL, in these experiments. In an attempt to reproduce Fehlner and 
Koski's experimental conditions as closely as possible, BpHV was pyrolyzed 
in a coaxial, 1 millimeter ID quartz furnace with a heated length of 1 
inch. A 0.000.1 inch diameter platinum: platinum-rhodium (90-10) thermo-
couple was not positioned in the gas stream in the pyrolysis region al-
kl 
though such an arrangement was used by Fehlner and Koski . The pressure 
-k -2 
was varied from at least 10 to 10 mmHg and the temperature range was 
250 to ̂ 30°C. Since BH was supposedly observed at a pressure of 5 x 10 
o mm Hg and 270 C in a quartz furnace of similar dimensions, these conditions 
were certainly covered. However, at no time did there appear to be evidence 
for the existence of this free radical. During these experiments, the 
ratio of m/e ion peaks 13 and ik underwent no change that could not be 
attributed to temperature effects. Crude appearance potential measure-
ments showed only the presence of free B H„ and B' "H . The backing plate, 
the l/k inch opening in which had been covered with metal gauze, was re-
moved for these experiments because of the reported loss of BHQ due to 
the presence of materials other than quartz 
Energetics of the BH - B X System 
Appearance Potential Data 
The appearance potential data for the BH - B L system are pre-
sented in Table 1. All values were determined by means of the semi-log 
61 
matching method with exception of the ionization potential of BH„ which 
51 52 6k 
was also determined by the RPD method/ • ? . Representative ionization 
efficiency curves shewn in Figures 7 and 8 demonstrate the semi-log matching 
U3 
Table 1. Appearance Potentials of Fragment Ions from BH and B "HL-
Fragment 
Ion 
Appearance Potential from 
Parent in ev (This Work)c 
Appearance Potential from 




B 1 0 l l 5 o 8 3 a .39 ± 0 .02 18.7 ± 0 . 1 d 1.19.5 ± 0 . 2 e 
10 ' 1 r I 
B H 13.66 ± 0.02 16.39 ± 0 3 
.10. H0 12.95 ± 0 . 0 5 15.5 ± 0 . 0 5 
lU.9 ± 0 . 1 
1 3 . ^ ± 0 . 1 
rL1H I 12.32 ± 0 . 1 11^.88 ± 0.05 | l l . h ± 0 . 2 f | l 3 . 1 ± 0.2fe 
B 1 H 
^ 6 
10 
]h ± o . i 11.9 ± 0 . 2 
1.1.9 ± o . i 
11 .9 ± o . i 
16.6 ± 0.2 
13.5 ± 0.5 
12 .1 ± 0 . 2 ^ 
11 .3 ± 0.5 
12 .1 ± 0.2 
12.0 ± 0 .3 
a. Calculated as(l8.39 - 2.56 )ev. See Appendix C. 
b. Error represents maximum deviation from average of experimental values. 
c. Average of experimental values. 
d. Values in column from Reference 62. 
e. Values in column from Reference 63. 
f. Values in column from Reference 39• 
4-
- . . 10 ' 
g. Fragment ion is B H., . 
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Figure 8. Ionization Efficiency Data for l(BH ) Using the Retarding 
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i+6 
method for l(BH ) and A (BIO from B,H. and the RPD method for I.(BH ) re-
s' 3 c. o 5 
spectively. Appendix. I presents the ionization efficiency curves for 
the remaining experimental appearance potentials and also for l(Np)3 used 
to verify the semi-log matching method. 
Appearance potentials of the indicated fragments were determined 
to avoid interference from other species. For example, ,if the appearance 
+ + 
11 10 
potential of B H were, determined, interference from B Hp would be ex-
11, + 
pected since it appears at a lower value than B "H . However, by per-
+ _,+ 
forming the measurement on B' H , interference is avoided, since A(B"' ) 
+ 
is considerably higher than A(B H ). On the other hand, even though 
+ + 
A(B" "H ) is only slightly greater than A(B' H ), the cracking pattern of 
both BpH^ and BH is such that the ratio B H/B' Hp is approximately 1/20 
+ 
at low electron energies, thereby eliminating interference of B" L1H with 
+ + 
10 10 
B H . The value of A(B" ) from BH could not be determined because of 
the lack of sufficient ion intensity. In attempts to measure this quantity, 
10+ 
it was found that A(B ) from BpH^ was lowered upon pyrolysis, indicating 
the presence of B from BH„. However, the value obtained was much higher 
+ 
10 
than was to be expected for A(B ) from BH„ and it was subsequently 
+ 
found that B from B-.H/- was the major contributor to the observed signal. 
,d o 
10 
The value of A(B H ) from B.̂ Ĥ- is thought to be accurate to within only 
± 0.3 ev. This is due 'to the interference of noise that permitted only 
the top third, or less of the ionization efficiency curve to be utilized 
for matching with argon. The nature of the interference was such that 
at the lower electron energies the noise became more and more the major 
contributor to the ion signal. 
7̂ 
Derived Ioni z ation Potentials,, Bond Energies , and. Thermodynamic Values 
The bond energies and ionization potentials derived from the pre-
ceding experimental appearance potentials, in addition to available litera-
ture values, are given in Table 2. Table 3 presents the thermodynamic 
values that have been calculated by utilizing the derived bond energies. 
Several of these values are important in arguments to be presented, later. 
All calculation procedures, including any assumptions and. additional data 
that may have been necessary., are described in detail in Appendices C and D, 
Discussion of Experimental Measurements and Derived Data 
Much confidence is placed in the experimentally determined, appear-
ance potentials even though considerable disagreement exists between these 
values and the values from the literature. First of all, the experimental 
values appear to be self-consistent in that for all fragment ions consid-
10+ 
ered (with the exception of B' which has been previously discussed), the 
difference in the appearance potentials of a certain fragment from BH„ and 
from BpH^ is essentially equal to 2.56 ev (to see that this condition 
10 + should hold.3 refer to Appendix C)„ The slight deviation due to B H 
has already been explained.. Also very significant, indeed, is the ex-
tremely good agreement of D(.B - H), as calculated, directly from the ex-
perimental appearance potentials, with the spectroscopic results of Bauer, 
6 7 + + 
Herzberg, and Johns . D(BH' - H) and D(BH - H) agree quite well with 
values obtained from isoelectronic curves prepared by Price, Passmore, 
68 
in contrast c; the values for the three ion dissociation 
62,63 
and Roessler 
energies as calculated from other appearance potential studies^1"'^ net 
only disagree with the just mentioned sources but with one another, 
Several of these values appear to be quite .unreasonable. For example, a 
hd 
Table 2. Bond Energies and Ionization Potentials 
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Table 3. Thermodynamic Data Derived from Experimental Bond Energies 
partial pressure of BH 
3 









partial pressure of BH 
3 
b d 
partial pressure of EH * 
partial pressure of BHp
2 
3.1 x 10" 
3.6 x 10" 
4.9 x 10" 
c ^ 1 -4 
partial pressure of BHp
s" f 4.2 x 10 
5.5 x 10" 
(473°K) 
73 
All equilibrium values correspond to a total BpIL- pressure 
10" mm Hg and a temperature of 60C°K. 
of 
Calculated using l('EHQ - BH ) = 59 kcal/mole from this work. 
Calculated using L(BH - BE.) = 35 kcal/mole from the literature J 
d Calculated using D(3H^ - H) = 3»58 ev from this work, 
Calculated using L(BH^ - H) = 3<>2 ev which represents a correction to 
the value from this work as seen from the comparison made in the text 
of the heats of formation of B9H£„ 
50 
+ 63 
value of 7.62 ev for 1(BH - H) is calculated from the data of one report 
This is well over 2 ev greater than any other estimate or measurement of 
, 4- . 
L(BH - H). Finally, the reproducibility of the measurements, the verifi-
cation of the semi-leg matching method by measurements of known ionization 
potentials (l(N ) is shown in Appendix l),and the agreement of l(BH ) as 
determined by both the semi-log matching method and the RPD method lend 
strong support to the accuracy of the experimental numbers. 
Of the derived bond energies and ionization potentials in Table 2, 
only the values of D(B - E), D(BH - H), D(BH - H),and l(BH ) required in-
troduction of an experimentally determined quantity from other sources, 
excluding of course the well known values of l(B) and D(H - H.). The in-
67 
troduction of l(BH) = 9-77 ev5as given by Bauer, et al„ , permits these 
calculations but automatically fixes D(B - H) - D(B - H) = l.h'7 ev and. 
vice versa, as shown in Appendix C. Obviously, as a result of this 
assumption D(B - H) and D(B" - H) exhibit the same apparent agreement with 
Bauer , _et &1. '. 
The value of D(BH - H), and consequently D(BH - H), depended upon 
the estimation of the polarization stability acquired by BH - H relative 
68 
to the neutral BEL . A similar effect is observed in the case of BJHL-
d do 
which is discussed below. l(BH ) then is automatically fixed since, as 
shown in Appendix C, l(BH2) - l(BH) - [D(BH+ - H) - D(BH - H)]. If we 
68 
accept the estimate of 8,2 ev for l(BH ) from isoelectronic curves with 
the explanation that this is to be associated, with the fact that a non-
bonding pn electron is removed (8,3 ev in B,dp.( / ? ) 3 this sets D(BH - H) -
D(BH - H) = 1.57 ev? assuming l(BH) - 9-77 ev . The resulting values 
of D(BH - H) = 3'66 ev and D(BH - H) - ̂ -.75 ev are accordingly inconsistent 
51 
with the general order of bond strengths of hybrid bonds as a result of 
3 2 7k 
the amount of overlapping, i.e., sp < sp < sp. In addition, an in-
crease of 1»57 ev due to polarization stability appears rather excessive. 
The estimated value of l(BH ) = 9M ev in Table 2 seems more reasonable 
if we consider that the electron removed in ionization came from a lower 
lying orbital than the prr orbital. This would correspond to BH in which 
the ionization may be described as that of the unbonded spa electron pro-
duced in the promotion which results in two oppositely directed spa 
/TO 
orbitals . The difference in ionization potentials of BH and BH would 
then be the result of several factors, the nature of which and the amount 
of whose influence would be difficult to evaluate. But one might guess, 
for example, that the electronic repulsion in the BHp molecule could be 
slightly greater than in BH, consequently leading to a lower ionization 
potential of BH than BH. 
In contrast to the polarization stability acquired by BH - H, 
D(B+ - H) is less than D(B - H) by 1.1+7 ev 7. This could possibly be 
explained by a considerable loss of electron shielding between the nuclei 
+ 
in the BH ion, whose repulsion would then be a greater factor than the 
acquisition of polarization stability. In the case of BHp, the shielding 
would probably not be as important since the electron removed upon ioni-
zation would have been involved in shielding between two pair of nuclei 
instead of one. 
The determination of the value of D(BH„ - BH~) is ascribed, to the 
+ + 
following line of reasoning. A(B H ) from BpHV can be written A(B H ) = 
I ( E X ) + D(B H* - H). Since D(BH* - H) = 0.63 6v and the bonding of the 
3 2 
terminal hydrogens in BphV is sp as compared with sp in BH„, we would 
52 
expect D(B H* - H).< O.63 ev and t he r e fo re 11.8^ ev > l(BpH.) > 11.21 ev, 
Since A(BH ) from B X may a l s o be w r i t t e n as A(BH ) = l ( B X ) + D(BH -
BHj < 1.1.Qh ev + D(BHt - BH.J , i t follows t h a t D(BH* - BH0) > lU.88 ev -
3 j J 3 3 
- i . 
11.8H ev = 3-0U ev. By similar reasoning, D(BH - BH ) < 3.6? ev. The 
strength of the BH~ - BH~ bond is verified by the abundance of BpH in 
the mass spectrum of B H^, the lack of BpBV being due to the weak 
B„H,_ - H bond. These results are evidence that ionization in B„EL- is 
d p do 
occurring by removal of an electron involved in terminal B - H bonding. 
Th is is in agreement with a theoretical study of the BpRV molecule by 
75 Burnelle and Kaufman . Here, it was found that ionization should occur 
from a B - B antibcnding orbital which contribured strongly to the terminal 
B - H bond overlap population. If we now take the results of Fehlner and 
39 62 / + \ 
Koski y and Koski, et al., 'we find that D(BH~ - BH ) = 13.1 ev - 11.9 ev 
= 1.2 ev, as compared, with their result of D(BH - BH ) = 1.7 ev. This 
would appear to indicate that ionization of B X was occurring by removal 
of" a bridge electron. This strength of the BH„ - BH bond, the terminal 
B - H bonds supposedly being relatively unaffected, would imply that a 
+ 
considerable BpH^ ion intensity should be observed in the mass spectrum 
of BJEL-s which is certainly not the case. 
If we again assume that the general order of the strength of hybrid 
bonds is sp3 < sp2 < sp, then D(B H - H) < D(BH - H) = 3.58 ev. There-
fore, l(BpHr) > 1.1 oQk ev - 3.58 ev = 8.26 ev, as seen in Appendix C. 
This is to be expected if we consider ionization to be occurring from the 
lone nor-bonding electron of B^tL that would result from the removal of a 
2 ? 
3 
neutral terminal hydrogen atom from BoH^-0 This electron, in a sp non-
bonding orbital, would require approximately the same energy for removal 
53 
as does the electron in the 2p orbital of boron (8.3 ev). 
l(BJrL-) was estimated to lie between 11.Qk and 11.21 ev. The 
2 o 
literature values in Table 2 are seen to be slightly higher. The pres-
ence of nitrogen prevented the direct measurement of l(BpH^). An iso-
10 
topically enriched Bp H^ sample would obviously solve this problem. 
The widely varying results of the measurement of D(BH„ - BEL) have 
been mentioned in Chapter I, the range of values given in Table 2. This 
work agrees with only two of the reported values. Sinke, et al._, re-
ported D(BH - BH ) ̂  55 ± 8 kcal/mole in a mass spectrometric study of 
the equilibrium between BEL and B EL-. Maximum values for temperatures 
between 775 and 925 K increased systematically from 6l.9 to 67.^ kcal/mole. 
If we assume that in all cases studied herein, the transitions occurring 
upon electron impact are between the ground vibrational, electronic, and 
rotational levels with all resulting fragments at zero kinetic energy 
(usually a good assumption for positive ions resulting from the rupture 
76 of single bonds ), then all bond energies correspond to the standard 
change in enthalpy at 0 K. The assumption of no excess energy also im-
76 
plies no activation energy is required for the decomposition . There-
fore, correcting D(BHL - BH ) as shown in Appendix D to 775 and 925 K, 
values of 60.6 and 60.2 kcal/mole are obtained. 
This work also agrees with a value of 52 kcal/mole for D(BH~ - BH ) 
16 
determined by Clarke and Pease in a kinetic study of the pyrolysis of 
3 JEL. This value was obtained from the relation of the experimental 
2 b 
activation energy to l/2 AH of the reaction BJHL- -» 2BH . This is seen 
from a comparison of the experimental rate equation to the rate equation 
fitting a postulated mechanism of the pyrolysis. Interestingly though, 
^ 
three other kinetic studies"1" •' ? of the pyrolysis of diborane revealed 
the same order of reaction and experimental activation energy, 25.5 to 29 
kcal/mole« but produced essentially identical rate constants which dis~ 
agreed with Clarke and Pease. Although Bauer deduced D(BH - BH ) < 38 
kcal/mole from these kinetic studies using a somewhat different method, 
no other attempt was made to relate the experimental activation energies 
to D(3H - BH ). Consequently, based upon the available literature on 
the pyrolysis of BpIL- and to some extent upon the work of this thesis, 
this author has selected, what appears to be the most reasonable mechanism 
for the initial steps in the pyrolysis of BJEL-. determined the rate equa-
tion, and related the experimentally determined activation energies to 
D(BEL - 3H~) . The mechanism is as follows: 
k 
B0H. * 2BH 
2 S 3 
k3 
BH3 + B2Hg * B3H9 
B3H9 
B F + H 3 7 2 
k, 
!3H7 + B2H6 " Vio + BH3 
The procedure is described in Appendix E and most of the results are pre-
sented later in this chapter. As before, D(BH„ - BH ) was found to be 
55 
equal to twice the value cf the experimental activation energy. There-
fore, D(BH - BH ) = 5-1 to 58 kcal/mole from the concurring data of three 
independent kinetic studies as developed in this thesis work. 
The standard heats and free energies of formation presented in 
Table 3 are seen to differ considerably from the reported literature 
values. Especially interesting is the agreement between two separate 
sources 5 on AH^ of B IL- as 7.53 kcal/mole, since this would lead one 
to seriously question the values determined in this work. However, an 
investigation of the method of calculation of AH„ of B X as described 
in Appendix D clarifies this situation. 
To AH of B L is seen to be equal to 
2AH°(B) + 6AH°(H) - AH°(1) - 2AH°(2) 
S X ± ± 
where AH (l) and AH (2) are experimental values from this research and 
AH•"(!.) refers to 
r ' 
!2H6 - 2 B H3 
arid AH (2.) is the heat of atomization of BH . i.e., the enthalpy change 
•̂  0 
of the process 
BH - B(g) + 3H, 
If we assume that 7.53 kcal/mole is correct for AH~ of BJiL- 9 which is 
' 1 d b 
believed to be the case., and that AH (B) and AH"(H) are accurately known 
quantities (AH (B) is discussed in Appendix D), then the sum AH (l) + 
s r 
2AH (2) is too great by k8.k kcal/mcle. If the recombination of the very 
56 
reactive BH„ molecules is similar to the recombination of free radicals, 
in that these reactions have negligible activation energies 5 , then 
AH (l) would be an accurate number, which again is thought to be so, and 
AH (2.) is therefore in error by 24.2 kcal/mole. This implies an average 
error of approximately 8 kcal/mole or 0.35 ev in the derived bond energies 
of BH, BH , and BH„. A minimum error of 0.13 ev or 3 kcal/mole in D(B - H) 
is immediately evident by comparing the experimental value of 3.64 ev to 
67 
D("B - H) < 3.51 ev from the spectroscopic results of Bauer, et al . Re-
calling that any excess energy required for decomposition, such as an 
activation energy, must be imparted to the molecule-ion by the impacting 
76 
electron , the error in the bond energies may be attributed to the experi-
mental value of A(B ) from BIHL (Appendix C demonstrates that the sum 
D(B - H) + D(BH - H) + D(BHp - H) may be calculated from this appearance 
potential). That is, since A(B ) from BH~ is represented by the process 
e + BH - B + H2 + H + 2e, 
the experimental appearance potential must be equal to the activation 
energy of 
BH - B + H2 + H, 
because of the reasons just discussed, plus the ionization potential of 
boron. Now the activation energy of the above equation is essentially 
equal to D(B - H) + D(BH - H) + D(BH - H) - D(H - H) + E7 where E' is 
the activation energy of the reverse process 
+ H + H -• BH . 
57 
A value of 2U.2 kcal/mole for E' is quite reasonable and it is this 
activation energy that results in a value of A(B ) from BIL which sub-
sequently leads to the calculation of erroneous bond energies from the 
appearance potential data. 
It is interesting to note that applying these "corrections" to 
the experimental values, along with a lower estimate of the gain of 
polarization stability of BH - H, would lead to bond energies of B - H, 
BH - H, and BHp - H which almost coincide with the results of Price, 
68 
et al . Thus, we have an example where what appear to be rather small 
errors arising from electron impact measurements result in significant 
disagreements when the experimental numbers are used in certain calcula-
tions . 
The calculated equilibrium partial pressures of BHp and BH~ that 
wo uld be produced by the dissociation of BpJL- are also shown in Table 3. 
Since the value of D(BH~ - BEL) is believed to be fairly accurate, the 
equilibrium constant for the formation of BhL, and consequently the value 
of its partial pressure, is considered more reliable than that for the 
formation of BEL. The uncertainty of the latter lies in the possible 
error of D(BEL - H) which has been brought forth in the comparison of 
calculated and experimental heats of formation of BpEL. Consequently, 
two calculations of the partial pressure of BEL were made involving the 
experimental value of D(BEL - H) and also a corrected, value of this bond 
energy. The partial pressures of BEL and BH were again calculated, but 
with the assumption that D(BEL - BEL) = 35 kcal/mole in agreement with 
earlier estimations of this bond energy as discussed in Chapter I. With 
the exception of the partial, pressure calculated, for D(BEL - H) = 3.58 ev, 
58 
all other values in 'Table 3 indicate that the dissociation of BJEL should 
produce approximately equal amounts of BEL and BEL at equilibrium. Calcu 
lations -were not made for the dissociation of BpEL into BEL and BEL which 
39 ̂-2 
has been assumed to be the first step in the formation of BHQ If 
ince the (ET" - Hp o) values resulted in additions of only 2 
BEL is actually involved, it would dissociate immediately into BEL and EL 
because of its probable high degree of instability. 
The preceding determination of equilibrium partial pressures and 
heats and free energies of formation required the introduction of calcu-
lated entropy and (H - ^oop) va'^:[ies a s given in the JANAF thermodynamic 
55 - ̂  
tables " . 
or 3 kcal/mole to bond energies on the order of 60 kcal/mole, any errors 
present in these enthalpy functions would be of no concern. However, the 
TS term in the free energy is a significant quantity and therefore the 
accuracy of the calculated entropy values becomes of importance. Although 
the structural and spectroscopic parameters used in the calculation of 
86 
the ideal gas entropy are only estimates, Shepp and Bauer , who calculated 
entropies for the BQSL - BH system, state that the values should be 
accurate to half an entropy unit or better because of the slight depend-
ence of the entropy on the estimated frequencies and on the .logarithm of 
the products of the estimated moments of inertia. The estimated parameters 
are those of BEL and BEL since the values for BpEL have been experimentally 
determined. 
Kinetic Considerations 
The failure te observe BEL in this work as described previously, 
even though its observation had been reported under almost identical ex-
59 
39 perimental conditions and thermodynamic considerations5 as discussed 
in the preceding section, indicated that the formation of BHp from B L 
is as favorable as the formation of BH„, led this author to the following 
consideration of the kinetics of the system. The purpose was to determine 
whether or not the formation of BHp in the pyrolysis of B X is as kinetic-
ally favorable as BH and also to test further the proposed mechanism for 
the pyrolysis of diborane which was previously used to determine 
.D(BH„ - BH ) from reported kinetic studies. The results are presented 
in Table k and the method of calculation and assumptions involved are 
given in Appendix F. 
The ratio of the rate constant for the formation of BH to that of 
BHp (BpH/- -» 2BH + Hp) is seen to be approximately 10 at 600 K for 
D(BHp - H) = 3.58 ev (the use of two different bond energies is discussed 
in Appendix F.) If the reaction B,pĤ  -* BH + BH. had been considered as 
has been proposed 
39,^2 
the ratio would have been even greater. This 
statement assumes that D(BH„ - H) is no greater than 1.32 ev. However, 
it is to be expected that D(BHQ - H) would be .less than this value since 
this would involve a one electron bond between H and the vacant orbital 
of the BH molecule. (BH, is isoelectronic with CH. for which D(CH - H) 
68,76\ 
- 1.3 ev i ). The frequency factors of the rate constants in the forma-
tion of both BH~ and BHp were assumed to be approximately equal. This 
is of little consequence since it would be necessary for their ratio to 
be an extremely unlikely number to have a significant effect on the ratio 
of the rate constants. 
Fehlner postulated a mechanism for the pyrolysis of BpH^ which 
involved both BHp and BH as intermediates. By relating the experimental 
6o 
Table k. Kinetic Rate Constants for Several 
Reactions Involved in the Pyrolysis of BpEL-
Reaction A 
k_, 
(1) B2H6 -* 2BH 
k. 
(2) 2BH -» B H, 
k. 
(3) BH + E2H6 
U.O x 101 sec"1 
^ /• ,~8 liter 
3.6 x ±0 
B3H9 




(k) B X -» 2BH + H assumed equal to A 
1 
(5) B hL- -» 2BH + H assumed equal to A 
calculated using D(BH„ - H) = 3.58 ev from this work. 
calculated using D(BHp - H) = 3.2 ev which represents 
a reasonable correction to the value from this work as 
seen from the comparison made in the text of the heats 




activation energy x-' to that predicted by the rate equation of the pos-
tulated mechanism, Fehlner determined the activation energy, E^ , of B L 
BE0 + BH. as kk kcal/mole. This involved estimating all the individual 
activation energies in the rate equation, with the exception of ELT ^from 
the thermochemieal bond energies and by the application of Semenov's rule 
78 
and then solving for E.. 
BH 
It is interesting to note that he could have 
h 
calculated E directly from the thermochemieal data as ill kcal/mole 
BH^ 
assuming D(BH„ - H) = 0 . To arrive at the value of hk kcal/mole, D(BH - H) 
would have to be estimated as 67 kcal/mole or 2.9 ev, a seemingly impossible 
number. Fehlner also calculated the frequency factor of this reaction as 
1 Q -1 
10 sec. . He states that although this is a large value for a unimolecular 
decomposition, it is not uniquely so and is not an impossible value for 
.-7O Op, 
this reaction. However, a brief search uncovered only one example of 
1̂ ,3 _i 
such a high frequency factor, that being an estimated value of 10' ' sec 
for CLH. - 2CH . 
2 6 3 
Fehlner also states that his mechanism accounts for the change to first 
order of the pyrolysis of B_HA with temperature rise. This was in reference 
d 0 
32 
to a shock tube study by Skinner and Synder in the temperature range 
600-700 K. The data from this study demonstrated a frequency factor of 
• i n "I -j 
10 "'sec '. Assuming this value applies to the dissociation of B H^, 
it appears that this is a quite low value for this reaction. Skinner and 
Snyder also tock the rate constants from work '' ? ''' showing 3/2 order 
for the pyrolysis of B,pĤ - at lower temperatures and recalculated the con-
stants as first order rate constants. By plotting the log of the recalcu-
lated rate constants against l/T along with the constants from the shock 
tube study, a straight line was drawn which appeared to fit the points 
reasonably well. However, as noted previously, the rate constants of 
62 
Clark and Pease16 have been disputed by three other studies15'18'^. If 
the constants of Clark and Pease are not taken into account, this author 
does not feel that the remaining points can reasonably be considered as 
fitting a straight line. It might also be mentioned that an earlier 
15 
kinetic study ' indicated that the order of the pyrolysis tended toward 
second order as the temperature approached U00 K in contrast to the re-
sults of Skinner and Snyder. 
The frequency factor for k in Table h was calculated by relating 
is 
the experimental frequency factor from the B 1L- pyrolysis to that of 
the rate equation developed in Appendix E. This involved the relationship 
In A-j/A = AS/R for which AS was calculated from estimated thermodynamic. 
55 tables . A„ is seen to be consistent with the frequency factors for bi-
79 80 
molecular reactions ? . A and Ap were then determined by assuming 
A = A and then solving for A from the previous relationship. A also 
appears to be a reasonable number as compared with unimolec-ular frequency 
factors . E1 and EK followed directly from the experimental bond 
energies and EQ and E were assumed to be negligible. The assumption that 
Ep is approximately zero has been discussed and it was necessary to set 
E., equal to zero to show agreement between kinetic studies and this thesis 
for D(BH„ - BH ). The latter assumption may be subject to some criticism 
but it does not appear too unlikely in consideration of the reactivity 
of the BH~ molecule and the probability that reaction 3 in Table h is 
exothermic since it occurs with the net formation of one bond. 
Summary of BHp Results 
Although free energy considerations demonstrated that the formation 
63 
of BHp from B L is just as favorable as BEL, this experimental work taken 
by itself would lead one to the conclusion that BHp is not present in 
sufficient quantities under the experimental conditions described herein 
to permit its detection. Coupled with the kinetic rate constant study, 
it would also seem fairly obvious that the dissociation of BpIL into BH 
is not a factor in the pyrclysis of Bp£L. 
39 4-1 
The results of Fehlner and Koski 5 ' , however, are in direct con-
tradiction to this work. Since the results of this work include strong 
evidence of an error in Fehlner and Koski's ionization potential value of 
BILj I(BIL) = 11.4 ev, one might be tempted to attribute their measurement 
of the ionization potential of the m/e = 13 ion peak, I (BEL) = 9*8 ev, as 
being due to B' H„. This arises partly from the experimental observation 
that the vanishing point of a particular ion peak can vary as much as 2 
to 3 volts depending upon its intensity, i.e., the higher the intensity 
the lower the vanishing point. Since the ratio of m/e = 13 to m/e = 14 
is approximately 10 to 1 for both Bp£L- and BEL, an error of 1.6 ev (.11.4 ev 
9.8 ev from Fehlner and Koski) would seem entirely possible if the cali-
bration were not correctly performed. It must be pointed out, though, 
that Fehlner and Koski's value for l(BHp) = 9.Q ev is in close agreement 
with that predicted by this study. In fact, as seen previously, if 
D(BH+ - H) = D(BH - E), then l(BH) = l(BH9) = 9-77 ev. 
The matter is further complicated by the reported difference in the 
39 
recombination effect*, on BEL and BEL by argon , the inhibition of BEL 
4.1 
formation by A190„ with no effect upon BH formation , and the detection 
41 
of BEL but not BEL from BH CO pyrolysis . This strongly indicates that 
a m/e = 13 ion peak not attributable to B EL was actually observed. How-
6k 
Ho 
ever, considering that in this work and in that of Baylis , et al., higher 
boron hydrides could not be observed at pressures lower than k x 10" mm 
Hg, the detection of a lowering of recombination rate of BEL at the pres-
-k 39 
sure of 5 x 10 mm Hg as used by Fehlner and Koski would appear to be 
a bit unlikely due to the small number of intermolecular collisions that 
are seen to be present at this pressure. 
This author has no reasonable explanation for the failure to ob-
serve BH0 from the pyrolysis of BrtHL in this experimental work, assuming 
d do 
39 hi 
that Fehlner and Koski did in fact accomplish this feat, other than 
the possibility that the presence of the platinum: platinum-rhodium thermo-
couple previously mentioned could have catalyzed the formation of BH . 
This was realized during the composition of this thesis and consequently 
the experimental setup did not include such a thermocouple in the pyrolysis 
region. The small heating surface area of the wire as compared to the 
furnace walls (Fehlner and Koski report two to three times more BHp than 
\ 39 
BH~) makes such an effect appear unlikely. Their initial publication 
promised a complete report to be forthcoming and further comments must 
be reserved until it is published or until more clarifying results are ob-
tained in this laboratory. 
There are several experiments which, if they had been included in 
Fehlner and Koski's report, would have further supported their detection 
of BHp or would have shown the m/e = 13 peak to arise from another species. 
For example, if appearance potential measurements on the m/e = 12 peak 
produced a value of 9»8 ev, this would be rather conclusive proof of the 
detection of free B Hp as well as B " Hp. Also, if a successful attempt 
had been made to observe free BpH and B R , the mechanism postulated by 
65 
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Fehlner for the pyrolysis of B0H>5 involving B^H_ and B^H, due to the 
2 b ' 2 p 2 4 
formation of BHp, would have been s t rong ly suppor ted . 
Synthes i s and Cryogenic Quenching of BH„ 
The quenching experiments with the products of the BpH^ pyrolysis 
produced no evidence that BH~ had been prepared as a liquid or solid 
phase at approximately 55 K. In addition to the failure to detect BE1 
upon warm-up of the cryogenic reactor, BH could not be observed during 
the actual quenching of the pyrolysis products to temperatures of about 
55 and 77*"K. The apparent decomposition or reaction of the BH„ molecule 
in traveling approximately 1-1/2 feet from the furnace exit to the elec-
tron beam even though the transfer tube was maintained at these low tem-
peratures is not very encouraging for future quenching experiments with 
the reactor space maintained at even lower temperatures. No difference 
was found between the results of experiments conducted both with and with-
out a glass lining in the cryogenic reactor. 
Although BH was net detected in these experiments, an increase in 
the H,p ion peak was observed upon warm-up of the cryogenic reactor. The 
intensity of the peak reached a maximum at approximately 60 K and de-
creased at higher temperatures5 rising again when the BJEL- vapor pressure 
became significant. This coincided with the results of Bolz, Mauer, and 
36 
Peiser who observed a slight increase in pressure at the time of dis-
appearance of an unidentified phase at 60 K (refer to Chapter l). From 
all appearancess BrL had actually been quenched but had decomposed or 
reacted either in the condensed state or in the vapor phase upon warm-up 
with the production of Ep. However3 during a subsequent experiment in 
66 
~o. which B IL- and H were quenched at about 55 K without pyrolysis, the same 
behavior of the HQ ion peak was observed. The conclusion was that H had 
been trapped in the frozen BpĤ - matrix and liberated at 60 K. 
Synthesis and Cryogenic Quenching of HBFp and HpBF 
HpBF was not detected in the products of the rf discharge of B X 
and BF„. However, evidence was obtained which strongly indicated the 
presence of EBFp. First of all, the m/e ion peaks 31? ^8, and kg appeared 
slightly below the temperature at which BF could be first detected in 
blank experiments, i.e., analyses of the undischarged feed gases by quench-
ing them and monitering the effluent gases upon warm-up. Ion peaks k8 and 
k$ would be due to both BF and HBFp (mostly HBF at this temperature) and 
the 31 peak was attributed to HBF from HBFp. This agrees with the re-
1+6 
ported proximity of the vapor pressures of BF„ and HBFp . Secondly, the 
intensities of m/e ion peaks 31 and k$ were approximately equal, in agree-
50 
ment with a recent mass spectrometric observation of HBFp . Finally, 
rough appearance potential measurements gave A(B "F Q) as approximately 
13 ev. This demonstrated that BF was not due to fragmentation from BF„ 
, O-i 
since A(BF0) from BF_ is l6.2 ev ' . It is interesting to note that d 3 
A(BFp) from HBFp is close to the value of A(BHp) from BH„ as determined 
in this work. Also, the BFp - H bond is extremely weak as evidenced by 
+ 
the undectable BFpH ion intensity. This indicates that the values of 
I (BE..) and l(HBFp) are simi.lar with the electron being removed upon ion-
ization from the B - H bond in both cases. As in the case of the BH~ 
quenching experiments3 no difference was noted between the experiments 
conducted with the cryogenic inlet system glass lined and those carried 
67 
out with no glass lining. 
In comparison to the large amount of BF evolved with increase in 
temperature of the cryogenic inlet system, the amount of HBF produced 
was rather small. The low yield was expected when the discharge of BF 
was found to be relatively inefficient. This followed from the observa-
tion of only a slight build-up of boron in the discharge tube and the 
detection of only a small decrease in BF intensity when the discharge 
was ignited using the apparatus shown in Figure 6. Also, even though the 
B„H.- was introduced through a capillary downstream of the discharge, a 
c, b 
heavy build-up of boron a few inches downstream of the B L inlet indi-
cated that much of the BpE^ was being decomposed by the discharge. In 
consideration of these statements and from comparison of the relative flow 
rates, the quantity of BHL produced in the pyrolysis experiments is be-
lieved to be as great, if not greater, than the amount of HBFp synthesized. 
Therefore, arguments to the effect that BH~ was not detected in the quench-
ing experiments because of a lack of product would appear to be unfounded 
since an apparently smaller amount of HBF„ was detected. 
Although the B^H^ inlet capillary extended essentially to the end 
of the surrounding tube carrying the BF„ discharge products, deposits 
were present about two or three inches from the end of the capillary which 
was evidence that the BpIv was diffusing upstream and then reacting. 
Therefore«, any products that would not deposit on the discharge tube walls 
must diffuse back out of the tube before condensing on the walls of the 
cryogenic reaction, chamber. If any H0BF were formed, further reaction 
to HBFp would likely occur before the HpBF could be quenched. 
68 
The rough data of this experiment with an identification of ex-
traneous products is presented in Appendix G. 
69 
CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
The work described in the preceding chapters has led to the 
following conclusions; 
1) BH„ was produced by the pyrolysis of B L in tubular furnaces 
of aluminas quartz, and stainless steel. BH was also synthesized 'by the 
pyrolysis of BJrL- ori incandescent filaments of platinum, tungsten, ni-
cnrome, zirconium, molybdenum, niobium, titanium, and tantalum. 
2) BH~ could not be detected in the radio frequency discharge of 
3,-Hy. If BH_ had been formed in the discharge it would have been de-
2 o 3 
pleted before the discharge products reached the ionization region of the 
mass spectrometer, as was shown by subsequent cryogenic quenching experi-
ments . 
3) The appearance potentials of B , BH , BHp, B H , and B H from 
B0H^5 as well as from BH wherever applicable, were determined and are 
presented in Table 1. 
h) The values of or the upper and/or lower bounds for D(B - H) ? 
D(BH+ - H), D(BH* ~ H), D(BH - BH ) , D(BH* - BH ) , l ( B X ) , and l(B H ) 
were calculated directly from the experimental appearance potentials. 
By introducing l(BH) = 9.77 ev f, D(B - li), D(3H - H), D(BH2 - H) 5 and 
I (BHp) were also calculated,, The results are given in Table 2. 
5) The heat of formation of BJff,- at 298°K was calculated as ~i+0„9 
d b 
kcal/mcle by utilization of the derived bond energies. Comparison with 
70 
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an experimental, value of 7.53 kcal/mole s gave an indication of the 
errors in the bond energies and consequently in the experimental appear-
ance potentials. The errors are believed to be inherent in 'the electron 
impact method of energy determinations and not due to the experimental 
procedure. 
6) Free BEL was not observed in this work even though the pyrolysis 
of 3pEL was investigated under conditions essentially identical to those 
39 Ai 
that reportedly produced BEL' . The only discernible difference in 
the experimental setup was the absence of a 0.0001 inch diameter platinum: 
platinum-rhodium thermocouple in the furnace region which may possibly 
catalyze the formation of BEL. 
7) Although equilibrium partial pressures calculated from free 
energies of reaction,, which were determined from the bond energies in 
55 
this thesis and entropy values from estimated thermodynamic data , showed 
that the pyrolysis of BpEL- should produce comparable amounts of BEL and 
BEL5 BEL is kinetically unfavorable in comparison to BEL. This was con-
eluded after a consideration of the activation energies3 again determined 
from the experimental bond energies, for the dissociation of BpEL into 
BH2 and BH . 
8) A mechanism for the pyrolysis of BpEL involving BEL but exclud-
ing 3EL was proposed and utilized to show agreement between this work 
C "i 
and several kinetic studies~''y'"'x' on the value of D(BEL - BH ). Also? by 
relating the kinetic rate equation describing the pyrolysis mechanism to 
experimental results, pre-exponential factors were calculated for several 
steps in the pyrolysis mechanism that were entirely reasonable for the 
order of reaction in question as seen by comparison with experimental pre-
71 
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exp orient ia 1 f ac tors ' 
9) No evidence was obtained for the existence of BH as a cryo-
genic material by monitoring the quenching operations at approximately 
55 K and 77 K of the effluent gases from the pyrolysis of BpH/- in a 
tubular quartz furnace or by monitoring the gases evolved from the de-
posits during warm-up. 
10) A similar procedure failed to produce evidence for H BF in the 
products from the rf discharge of BF and B X . However, the known com-
pound HBF„ was observed in the warm-up of the quenched products to 
approximately 90 K. 
11) A modification of the standard RPD arrangement of the electron 
gun grids of the mass spectrometer allowed an increase in sensitivity of 
a factor of about 5* ^be modification was found to have no adverse 
effects upon the results of energy measurements. 
Several extensions of the present work may be proposed. 
Future studies of reactive and unstable molecules by techniques 
similar to those described in this thesis should "be conducted so that 
the products of the synthesis operation, i.e., pyrolysis, rf discharge, 
etc., may be exhausted immediately into the ionization region of the mass 
spectrometer without passage through any beam ccllimating arrangement such 
as that described in Chapter II. Although other studies have made 
successful use of such arrangements, the initial frustrating attempts to 
detect BKq in reaction products effusing through small diameter orifices 
should certainly encourage adherence to this recommendation. 
The pyrolysis of B0H^ in a tubular quartz furnace packed with 
<~ o 
p l a t inum; platinum-rhodium. (90-10) thermocouple wi re should be i n v e s t i g a t e d 
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to determine if BHQ can be produced by a catalytic effect of the thermo-
couple wire. The pyrolysis of BpH/- on incandescent filaments of the 
thermocouple wire might also be studied. The synthesis of BHp and the 
subsequent determiration of l(EEL) and A(BH ) and A(B ) from BH would 
more completely determine the energetics of the BH„ and BJK,- molecules, 
as well as the BHp free radical. 
The attempts to prepare BH„ as a solid or liquid phase should be 
performed at temperatures lower than 55 K and in equipment designed to 
allow synthesis, quench, and vaporization to occur in the immediate 
vicinity of the ionizing electron beam. The latter arises from the 
failure to transfer BH., through 1-1/2 feet of 3/8 inch diameter tube 
cooled to about 55 K. 
An investigation of the variation of the BH_ ion intensity with 
the distance of the furnace exit from the electron beam might give an 
indication of the lifetime of the BH„ molecule. This could be done by 
a comparison with the variation of the argon ion intensity under similar 
conditions. The results cf this experiment could possibly explain the 
failure to transfer BH~ from the outer refrigerant chamber region of the 
cryogenic inlet system to the ionization region cf the mass spectrometer 
That is, if the investigation showed that BH„ experienced a much greater 
decrease in intensity than argon as the distance between the furnace 
exit and the electron beam was increased, it could be postulated that 
the BH- was decomposing by an unimolecular process. Therefore, the 
possibility of transferring BHQ for a distance of 1-1/2 feet in the cryo-
genic inlet system would appear to be remote. 
The investigation of lower temperatures and operations in the 
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vicinity of the ionization region is also suggested for the synthesis of 
HJ3F. In addition3 a system that would allow the products of the rf dis-
charge to be subjected to immediate quench is highly desirable since it 
appeared that reaction was occurring a few inches upstream of the quench-
ing region in these experiments. The use of a ceramic discharge tube 
rather than quartz is recommended because of SiJ. and Si F^ production 
from reaction of the discharge products with the tube walls. 
Should BH~ be stabilized at cryogenic temperatures, the study of the 
chemical reactivity of this compound with several species would prove of 
interest. Other than the products that would be expected from comparison 
with the known reactions of B9H,-5 previously unobserved compounds might-




The Bendix mass spectrometer has an undesirable feature in that 
the glass electron multiplier plates2 which amplify the electron signal 
produced, by the icns arriving into the collector, lose sensitivity quite 
rapidly and result in erroneous output readings when very large ion 
cur-rents are present. Such was usually the case in the experiments here-
in since relatively large flows of BpH^ were necessary to produce suffi-
cient BH intensity for appearance potential measurements. 
A blanking circuit« which removes the electron signal before it 
can reach the multiplier plates by applying a properly timed pulse to 
the 'H'! plate3 is available from Bendix and a similar circuit has been 
Op 
developed by Studier . Howevers since the instrument available in this 
laboratory was net sc equipped,, it was necessary to assemble such a 
blanking circuit for use In appearance potential measurements on the 
BH - 3 H- system, 
o do 
The main pieces of equipment used for the blanking circuit were a 
General Radio Company Type i205-B adjustable regulated power supply and 
a Rutherford Electronics Company Model B!'7B pulse generator. The circuit 
diagram Is shown in Figure 9» Basically,, the circuit provides a square 
wave 3 adjustable to a maximum of approximately 3̂ -0 voltss to the '
?Zn plate 
of the multiplier„ The duration of the pulse is adjustable from 0 to 








SQUARE WAVE TO PIN 
10 OF MULTIPLIER 





0 . 1 MFD 
NOTES 
1. Signal Generator Triggered by Mass Spectrometer. 
2. Standard Jumper Between Pin 10 (Z Plate) and Pin 
11 (Grid) of Mult ip l ier Plug Box Removed. 
3. 100K, 1/2 W Resistor Installed Between Pin 10 
and Pin 11. 
Figure 9. Schematic Diagram of Blanking Circui t . 
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In addition, the pulse generator is equipped with a delay circuit so that 
the beginning of the square wave pulse may be varied from a value of m/e 
eqval to zero to any value cf m/e. In this way 5 if the mass peak of 
interest lies below the large mass peaks that are creating interference5 
by proper settings cf the delay and pulse duration controls of the pulse 
generator,, the interfering peaks may be blanked out. Such is also the 
case when the peak cf interest lies above the interfering peaks. This 
circuit is to be compared to that of Bendix, which has no adjustable de-
ft'} 
lays and to that of £tidier *", which is capable of blanking out inter-
fering mass peaks on both sides cf the peak of interest. 
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APPENDIX B 
MODIFICATION IF THE RETARDING POTENTIAL DIFFERENCE CIRCUITRY 
A disadvantage cf the normal RPD arrangement of the grids of the 
52 
electron gun3 as described by Martin and shown in Figure 10, Is that 
the maximum, attainable trap current (ionizing electron beam) at electron 
energies normally used for ionization potential measurements (approxi-
mate 10-20 volts) had usually 'been no more than 0.03 microampere. In 
normal operation..; the trap current can be increased to greater than 
0.25 microamperes which is off scale„ Melton and Hamlll s who modi-
fied the BendIx mass spectrometer for the utilization of the RPD technique 
attribute the loss of trap current to the de focussing action on the 
electron beam caused by the deceleration between the control grid (pulsed 
approximately + 8 -.•cits relative to the filament) and the retarding grid 
(biased approximately - 0.2 to - C A volts relative to the filament). 
This decrease in trap current and the resulting decrease in sensitivity 
of tne mass spectrometer is then a considerable drawback for ionization 
potential measurements cf species which are present only in very small 
concentrations. 
An interesting observation was made on one occasion after the 
electron gun grids had been extremely well cleaned,, the filament aligned 
very carefully, and the source magnets positioned fVr maximum trap cur-
rent. The maximum trap current reading in the RPD mode of operation was 
found to be as great as In normal operation. However., the sensitivity of 
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O ® <D <§><§> GRID TYPICAL POTENTIAL 
FILAMENT 
1. CONTROL GRID a- 0 WITH 8 VOLT PULSE 
2. RETARD SHIELD + 2 VOLTS 
3. RETARDING GRID -0.2 TO -0 4 VOLTS 
4. RETARD SHIELD + 2 VOLTS 
5. GROUND + ELECTRON ENERGY 
i a 
NOTE 
Potent ia ls are wi th respect to Filament. 




GRID TYPICAL POTENTIAL 
1. RETARDING GRID -0.2 TO -0.4 VOLTS 
2. RETARD SHIELD + 15 VOLTS 
3. CONTROL GRID -10 VOLTS WITH 30 VOLT PULSE 
4. GROUND + ELECTRON ENERGY 
5. GROUND + ELECTRON ENERGY 
NOTE 
Potent ials are wi th respect to Filament. 
Figure 1 1 . Modif ica t ion of E lec t ron Gun for RPD S t u d i e s . 
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the machine appeared to be less,, as was usual5 and, in addition, a con-
siderable amount of noise, i.e., diffuse mass peaks appearing at non-
integral numberss was present over the entire output range of the mass 
spectrometer. 
During attempts to determine the origin of the noise, the mass 
spectrometer was switched into the normal pulsed mode of operation, 
all grids being at ground potential except the control grid which was 
as shown in Figure 10. Upon lowering the control grid bias to - 10 volts 
relative to the filament while increasing the pulse height, the noise 
was eliminated. Also, with the mass spectrometer in the pulsed Studier 
mode of operation, in which ions that are being continuously formed are 
held in the region of the electron beam by appropriate biases before 
pulsing, the noise was reduced considerably. These observations led to 
the conclusion that the noise was being caused by a continuous leakage 
of the electron beam due to the extremely low bias on the control grid. 
This would account for the same apparent low sensitivity of the machine 
even though the trap current had been increased by careful cleaning and 
alignment of the electron gun. It was further noted that after a period 
of operation during which the control grid had become dirty, the trap 
current had dropped.to its usual low level in the RPD mode and the noise 
had simultaneously disappeared. 
In order to increase the trap current (without introducing noise) 
and consequently the sensitivity of the machine in the RPD mode, several 
different arrangements of the electron gun grids along with changes in 
the biases and pulse heights were investigated. The arrangement shown 
in Figure 11 was found to be satisfactory. With a + 15 volt bias on the 
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retard shield, a trap current of approximately 0.1 microampere could be 
obtained, the operating level in normal pulsed operation being 0.125 micro 
ampere. However, increasing the bias resulted in the onset of noise. 
Evidently5 the additional, energy given to the electrons allowed them to 
overcome the - 10 volt bias on the control grid. Of course, the electrons 
do not possess the 2;.' ev necessary to overcome this 25 volt barrier, but 
do «>., as a resu.lt of ''peek through" from the grids immediately behind the 
ocr.-trol grid, cuch a phenomenon was responsible for the continuous 
electron leakage described previously when the grid bias was at a very 
low value „ 
It has teen suggested that tor ionization and appearance potential 
measurements the control, grid pulse height should be kept at a low value, 
preferably less than 1.0 volts, ills was certainly not the case here, but 
nc difficulty was experienced in performing energy measurements. This 
became obvious when a -value determined by the RPD method was reproduced 
by the independent sem;L~l.og matching method. It would appear that any 
effesl that may be introduced by the higher pulse height is compensated 
for 'when measurements are performed on the calibrating gas under the 
identical operating conditions. A similar situation exi.sted when in a 
pyrclysis experiment it was necessary to calibrate with the furnace on due 
to tne effect of the magnet In field of the furnace windings. This effect 
was a Lowering of the appearance potentials as a result of an added 
acceleration of the elec-ron beam. 
81 
APPENDIX C 
CALCULATION AND ESTIMATION PROCEDURES 
FOR BOND ENERGIES AND IONIZATION POTENTIALS 
FROM APPEARANCE POTENTIAL DATA 
1. D(BH* - H) 
For the process 
e + BH - BH* + H + 2e. 
we can write 
A(BH*) = I(BH ) + D(BH* - H) 
or 
<(BH* - H) = 12.95 ev - 12.32 ev = O.63 ev: 
.+ > where both A(BHC)) and l(BHQ) were experimentally determined in this thesis 
research. 
Alternatively3 from the process 
e + B . H . - BH* + H + BH0 + 2 e , 2 o 2 3 
A(HHg) = A(BH+) + D(BH+ - H ) , 
or 
D(BE* - H) = 1 5 . 5 ev - l i f . 8 8 ev = 0 . 6 2 ev. 
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where "both A(BK ) and A(BH ) are experimental values not dependent upon 
the above data. The agreement on D(BH - H) is excellent. 
2. D(BH+ - H) 
For the process 
e + BH.„ - BH+ + H^ + 2e9 
A(BH+) = A(BH*) + D(BH+ - H) - D(H - H), 
or 
D(BH+ - H) = 13.66 ev - 12.95 ev + k.52 ev = 5.23 ev. 
where only the well known D(H - H) is not an experimental number from 
this thesis research. 
3. D(B+ - H) 
For the process 
e + BE. - B + H + Hrt + 2e, 
A(B+) = A(BH+) + D(B+ - H), 
where A(BH ) represents the process in 2. Hence 
D(B+ - H) = 15.83 ev - 13.66 ev = 2.17 ev. 
4. D(3 - H) and Relationship Between [D(B - H) - D(B+ - H)] and l(BH) 
If we consider the process 
e + BH - B+ + H + 2e, 
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"we can write 
A(E+) = I (BE) + D(B+ - H) 
and also 
A(B+) = D(B - H) + 1(B). 
;._ear̂ y. 
I(3H) + D(B+ - H) = D(B - H) + l(B) 
and therefore 
I(3H) - 1(B) + [D(B - H) - D(B+ - H)]. 
6? 
The recent spectroscopic study by Bauer, Herzberg, and Johns gives 
T(BH) = 9/77 ev. This value, combined with l(B) = 8.3 ev and D(B+ - H) 
= 2>±7 ev from 3S determines D(B - H) as 3»6U ev. 
5. L(BH - H) and D(BH2 - H) 
From the process 
e + BH -* B + H + H + 2e 
follows that 
A(B') = L(BH0 - H) + D(BH - H) + D(B - H) + l(B) - D(H - H) 
D{BH0 - H) + l(BIi - H) = 15.83 ev + U.52 ev - 8.3 ev - 3.6*+ ev 
Ml. ev, 
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where A(B ) is an experimental number from this thesis and D(B - H) was 
calculated in U. If we now assume that D(BH - H) is 0.1+ ev greater than 
D'V.BH - H) because of a gain of polarization stability, as indicated by 
. . 68 ^ 
i s o e . i . e c t r o m c c u r v e s , t h e n 
D(BH - H) = 5 . 2 3 ev - O.U ev = U.83 ev . 
'here D(BH - H) was calculated in 2. Thus 
D(BH2 - H) = 8.1+1 ev - 1+.83 ev = 3.58 ev, 
6. KB 2H 6) 
3 2 
Assuming that the sp' bonding in B„Ĥ - is not as strong as the sp 
2 b bonding in B'Eu 
< D(B 2K£ - H) < D(BH2 - H) = 0.63 ev 
•'Tom the process of ionization of B_H^ and dissociation to B„H,_ 
2 o 2 5 
-t fellows that 
e + B Ti. -» B H + H + 2 e , 
2 0 2 5 
A(B2H^) = I ( B 2 H 6 ) + D(32H^ - H) 
c r 
I ( B 0 H , ) = 11.81+ ev - D(B-H* - H) 2 b ' 2 "> 
(E 2 H 6 ) :hen b r a c k e t e d a s 
(BoH,0 < 11.81+ ev f o r E-(B H - H.) > 0 
L1~ O t - \) 
and 
I,(B,_H.) > 11.21 ev for D(B-H* - H) < O.63 ev. 
2 o 2 y 
7. B(EEI* - BH ) 
The energy of symmetrical dissociation of B?H^ can also be 
bracketed by considering 
e + B H^ - BH* + BH + 2e, 
from which it follows that 
A(BH!) = I(B H.) + D(BH* - BH0) 
3 2 6 3 3 
Thus 
D(EH - BH ) > 3.0^ ev for l(B H ) < 11.84 ev 
and 
D(BH* - BH ) < 3.67 ev for iCB^Hg) > 11.21 ev: 
_+< where A(BH ) is an experimental number from this thesis. 
. D(BH - BH ) 
For the process 
e + B Hg -» BH"! + BH + 2e5 
A(BH!) - D(BH_ - BH„) + I(BH-), 
3 3 3 3 
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D(BH - BH ) = 1^.88 ev - 12.32 ev = 2.56 ev, 
where the numbers involved are experimental values from this thesis. 
To demonstrate that the difference in appearance potentials of 
a particular fragment from BpH^ and from BH should be equal to D(BH - BH ) 
+ 
consider the fragment BH as produced first from BH0 by the process 
i 
e + BH -» BH+ + H2 + 2e. 
fcr which 
A(BH+) = D(BH - H) + D(BH - H) + l(BH) - D(H - H), 
and then from B H^ by 
e + B^H. - BH+ + H0 + BHn + 2 e , 2 b 2 i 
for which 
A(BH+) - D(BH - BH ) + D(BH2 - H) + D(BH - H) + l(BH) - D(H - H) 
I t i s obvious t h a t the d i f f e r ence in the two appearance p o t e n t i a l s i s 
E(BH - BH ) . 
9 . I(BH2) 
For the process 
e + BH -» BH+ + H2 + 2e5 
,(BH+) = D(BH2 - H) + I(BH ) + D(BH
+ - H) - D(H - H). 
But, from 5 
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D(BH - H) = A(B+) - D(BH - H) - D(B - H) - l(B) + D(H - H). 
iheref ore 
A(BH+) = A(B+) - D(BH - H) - D(B - H) - l(B) + D(H - H) 
+ I(BH2) + D(BH
+ - H) - D(H - H). 
+ + + 
Recalling from 3 that for a fixed process A(B ) - A(BH ) = D(B - H) and 
from k that D(B - H) - D(B+ - H) = lM ev, 
I.(BH2) = 1(B) + l.i+7 ev + D(BH - H) - D(BH
+ - H) . 
From 5 
D(BH - H) - L(BE+ - H) = O.k ev. 
Thus 
I(BH ) ~ 8.3 ev + 1.1+7 ev - O.k ev = 9-37 ev. 
10. I(B2H5) 
For the process 
e + B0Hy. - B_H* + H + 2e 
2 6 2 5 
A(B0H*) - L'(B0HC - H) + l(B0Hc). d ) d. p d p 
3 2 
Assuming t h a t the sp bonding in B X i s not as s t rong as the sp bonding 
B1L 5 
r.(B2Kc, - H) < B(BH2 - H) = 3.58 ev 
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and 
I(B H ) > 1.1.84 ev - 3.58 ev = 8.26 ev. 
68 
If D(BHQ - H) = 3.2 ev as obtained from isoelectronic curves , 
then 
l(B H ) > 8.64 ev. 
APPENDIX D 
THERMODYNAMIC DATA DERIVED FROM BOND ENERGIES 
In this appendix, the heat of formation and free energy of formation 
of B Er are calculated by utilizing the bond energies determined in this 
2 6 
research work. These calculated values are used to obtain an estimate 
cf the magnitude of the errors in the bond energies by comparison with 
experimental values of ABfc and AG of B B> , as shown in Chapter III. 
In addition, equilibrium partial press-ores of BH~ and BH are calculated 
39 in order to ascertain whether or not the reported observation of two tc 
three times more BH than BH in the pyrolysis of BpĤ - is reasonable from 
a thermodynamic point of view, the kinetic considerations to be discussed 
later. 
The temperature and total pressure for which the equilibrium con-
stants are calculated were typical experimental conditions for the pyrolysis 
of B^H^ in this research work. The resultant negligible amounts of BH„ 
2 o 3 
ar.d BH„ at equilibrium justify the separate calculations of the equilibrium 
values. 
Heat of Formation of B-IL-  
2 b 
Consider the equations. 
B HA ~* 2BH 2.56 ev = 59*0 kcal/mole 
2 6 3 
2BH -• 2B + 6H 2^.10 ev = 555.8 kcal/mole 
B._Ĥ  - 2B(g) + 6H 6l4.8 kcal/mole 
"where the energetic quantities are from the electron impact studies of 
this thesis research. If the electron impact appearance potentials are 
assumed to include no electronic, vibrational, or rotational excitations 
and no excess kinetic energy, as discussed in Chapter III, then 6l4.8 
o o 
kcal/mole = AH , the heat of atomization of B L at 0 K. Applying 
(H° - H° o) values from JANAF DATA55 to the last equation, 
A(H° - H° o) = 3.0 - 8.9 + 2.8 = 9.1 kcal/mole 
ar..i therefore 
AHpop = 614.8 + 9.1 = 623.9 kcal/mole. 
The heat of formation of B,-,B> at 298 K may now be determined in 
2 b 
the following manner. 
B H6 - 2B(g) + 6H 623.9 kcal/mole 
2B(g) 
6li - 3H 
2 
-270.4 kcal/mole 5 
-312.6 kcal/mole55 
E Hg - 2B(s) + 3H2 4-0.9 kcal/mole 
•rh-us-j ArC cf B,,H at 298utC. ̂  -1+0.9 kcal/mole. 
I^ must 'be noted that the value used for the heat of sublimation 
55 
of boron differs from another literature value by approximately 2.5 
kcal/mole. This would mean a difference in the calculated heat of formation 
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».f 5 kcal/mole„ However,, since the calculated AH disagrees with experi-
mental results by approximately 4-9 heal/mole*, the uncertainty of 5 kcai/moie 
is cf little or no consequence. This follows from the semi-quantitative 
nature cf the comparison made in Chapter III between the calculated and. 
experimental values cf AH„. 
Free Energy of Formation of B X 
For the reaction 
2B(s) + 3H2 - B2H6 , 
AS298 " 55*3 " 2*8 " 93*6 = "1+1,1 c a l / m o l e A 
where the entropy values are taken from estimated thermodynamic tables 
therefore 5 
55 
AG: at 29» K = AH - TASf 
= -40.9 + 12.2 = -28.7 kcal/mole 
Equilibrium Partial Pressures of BHQ and BH at 600 K 
Consider the equilibrium 
B.tL- * 2BH0 2 b 3 
and again assume that the experimental bond energies correspond to heat 
cf' reaction at G K. By employing estimated thermodynamic tables ", as 
bell re. along with L(BH_ - BH ) - 2.56 ev or 59-0 kcal/mole from this 
research, the following may then be written: 
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A(H!? - H°) = 2 .2 kcal /mole 
oOO o ' 
AH6oo = 59*° + 2-2 = 6l-2 k c a i / m c l e 
ASS^ = 103.1 - 68.1 = 35.0 cal/mole/°K 
bOO ' ' 
AS6oo = AH6oo " TAS6oo 
= 6.1.2 - 600 x 0.035 = ^0.2 kcal /mole 
InK = ~ | = »33.69 
p P I 
K = 2 A x 1 0 " 1 5 atm. 
P 
If" one sets the moles of B̂ FL- initially equal to 1 and the moles 
of B.H^ reacted equal to x/2, then the moles of BH formed equal x. 
Sini-e x will obviously be very small compared to 1, 1 and x will essentially 
'be equal to the mole fractions of B̂ IL- and BH„, respectively. It then 
2 b 3 
fellows that 
2 
PBH0 2 2 
Y = 3 „ x P __ 2 
"p IP ' P B,H6 
arid thus 
^ = k.9 x i o " 8 p " 1 / 2 
where P is the total reaction pressure in terms of atmospheres. Therefore. 
P^.a - x? = k.9 x 10~
8 P 1 / 2 . 
BH3 
93 
If P = 10" mm Hg = 1.3 x 10 atm, then 
i ^ - ̂ -8 ^ r n^-3 j ?60 mm Hg _ )r -,̂ -7 p = if.9 x 10 x 3.6 x 10 atm x — 7——- = 1.4 x 10 mm H§ 
~H„ y -> atm 
The calculation of p for the equilibrium BgH^ *± 2BH2 + H2 is 
similar to that of p p H ^AH° = D(BH - BH ) + 2D(BH - H) - D(H - H)J. 
'.he resultant expression for p is 
BH2 
PEH - ^ P )
1 / 3 atm 
= 2 x 10"10 P1/3 atm 
where the experimental value of D(BHQ - H) = 3.58 ev was used in the 
calculation of the heat of reaction. However, since this value is possibly 
in error, as discussed in Chapter III, p was also calculated utilizing 
BH3 
I>(BH_ - H.) - 3.2 ev which is in agreement with values determined from iso-
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electronic curves and which also represents a reasonable correction to 
E(BH - H) from this work. The expression for p now becomes 
2 BH„ 





RATE EQUATION DESCRIBING THE PIROLYSIS 
OF B0H. IN THE INITIAL STAGE OF REACTION 2 b 
The mechanism postulated from the present work for the initial 
stages of the pyrolysis of BpH^ is 
B 2 H 6 
k. 
2BH. 






B TT _ B. H + H 
3 9 3 7 2 
B 3 H ? + B,H6 Wo + B H 3 
This mechanism is essentially that as suggested by Enrione and Schaeffer 
The arguments supporting this mechanism are contained in Enrione and 
19 
Schaeffer's article as well as in an earlier publication by Schaeffer 
Although BH~ has been suggested as an intermediate in the pyrolysis 
39.̂ -2 
of B-Er 5 it was net included in this mechanism because of the failure 
2 b 
tc observe BH in this work and of the comparison of rate constants of the 
dissociation of BJEL- to BH and to BH in Appendix F. Further support for 
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the above mechanism is found in the work on the pyrolysis of B„H,- by 
Ho 
Baylis, £t al. , who observed monoborane, triborane, tetraborane5 and 
pectabcrane species which appeared in the given order as pressure and 
temperature were increased. 
To determine the rate equation for the above mechanism, let 
[B2Hg] = a 
[BEL] = b 
[B3H9] = c 
[B3H7] - e 
where [x] designates the molal concentration of x or the partial pressure 
cf x. The following equations may then be written: 
-rr- = -k_. a + k_b"* - k^ab + k, c - k^ae Cl) 
dt l 2 3 4 6 
db 2 
— = 2k„a -2k b - k ab + k>c + k^ae (2) 
~ - k_ab - k, c - k,_c (3) 
dt 3 4 5 w / 
1 = V - Ve (4) 
1'fi.ng a conventional stationary-state treatment for the intermediate spe-
-ies BH_ * B X , and '3_.Hr7, the rate equation may be determined in the follow-
i' D y~ 5 (' 
ir,g manner? 
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vm Equations (3) and (^) 
dc = k^ab - k, c - k,_< 
3 ^ 5 
and 
k ab 
\ + k 5 
de 
dt 
k_.c - k^ae 5 o 
o r 
e = 
k c k_k„ab 
? _ ? 3 
k_kcb 
3 ? 
k 6a k 6 a(k^ + k^) ~ k 6 ( \ + ^ ) 
;1 £ t i t ' a t i o n i n t o Equation (2) y i e l d ; 
db 
d t = 0 = 2k. a - 2k .b - k ab 
k, k ab k^ak k b 
^ 3 , o 3 5 3~ u (k u + k 5 ) %(% + h 5 ) 
Ik.,a - 2K b + ab 
1 
' k 3 k 4 " k 3 k 5 + k3kj4 + k 3 k ^ 
cr 
2k. a - 2k, b! 
b - / K.a/k, 
:ere K - k„ /k_ 
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Finally, substitution into Equation (l) gives 
da 




kU + k5 
3/2 
k6k3k5 7? a 
k
6 ( \ + k5) 
k̂ a + kQk^a + k V'K 
2 1 
k2 
3/2 [ -\ - K- + k̂  - k 
\ + k 5 
3/2 
The reaction B„Hn -» B0H,_. + H is thought to be the rate limiting 5 y i f 2 
18 
step „ It seems reasonable that k should be large because of a high 
activation energy necessary for the formation of an excited state that 
would allow the interaction of two hydrogen atoms for the subsequent 
k^ 
elimination of H~. The reaction B„H„ -» BH„ + B0£L- would occur with no 2 3 9 3 2 b 
internal rearrangement necessary for the elimination of BH„ and the acti-
vation energy would probably be equal to the endothermicity of the re-
action . Since the reaction occurs with a net cleavage of one bond., the 
activation energy would conceivably be comparatively small. In order that 
the preceding statements may be made somewhat more understandable, the pre 
^3 
posed structures for BJ:L and B̂ H_, are shown as follows: 















2kQ J K a 
2k. 
.. 1/2. - 1 / 2 3/2 
-E -En 
1 /2 —^ — i ^ /2 
2A /A„\ e e a 
2RT 
H e equation, i s seen t o agree w i th the exper imenta l 3/2 order dependei 
pen a 2"o 
experimental activation energy3 E , is then given 'by 
expt „ 
= E. + 
El E2 
'expt, 3 
Since electron impact measurements must include any aetivatic 
6 
:(BH « EH ) determined in this thesis is •rgies that are present 
entially equal to E., . The reactivity cf the "electron deficient" 
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molecule BH would appear to justify setting E = 0. Whether or not E~ = 0 
may well be debated. But based upon the reactivity of BH , as before, as 
well as the probability that the reaction BH„ + BnH/- -» B Hn is exothermic, 
the assumption that E = 0 may not be unfounded. Therefore, assuming Ep 
and E^ are equal to zero, E., = 2E , or En = 51 to 58 kcal/mole from 3 1 expt. 1 ' 
.. ,. . 15-18 experimental activation energies 
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APPENDIX F 
CALCULATIONS OF KINETIC EATE CONSTANTS 
The purpose of this appendix is twofold. First of all, the expres-
sion developed in Appendix E describing the Initial stages of the B L 
pyrolysis is related to the expression which has been experimentally 
15-18 
determined 0 Since this work indicates that the rate of disappearance 
of B-JiL may be expressed In the form 
2 b 
i[3?H,] 3/2 
in agreement with experimental findings,, the expression for k from 
Appendix E may be related to k In order to calculate pre-exponential 
factors for several of the reaction steps in the pyrolysis mechanism. 
The reasonableness of the calculated pre-exponential factors may then be 
taken as a measure of the correctness of the proposed pyrolysis mechanism. 
Secondly5 by utilizing the bond energies determined in this thesis works 
activation energies for several of the reaction steps may be calculated 
which., combined with the previously determined pre-exponential factors _, 
allow expressions for reaction rate constants to be written. More impor-
tant ?. however, a comparison of the specific rate constants for the disso-
ciation of BJ3^ intc 3H„ andinto BH may be made in order to support the 
2 o 3 2 
exclusion of BH from the pyrolysis mechanism. 
From Appendix E5 the following relationship is evident; 
101 
A f = 2AQ T" expt. 3 IA,_ 
1/2 
where A , is the experimentally determined frequency factor for the 
expt. 
pyrolysis of B ^ . At ICO 
15 ^ /liter) h; 
expt. vrnole / 
1/2 











hr A , e 
expt. 
R x 373"K 
A . = 2.7 x 10 expt. 
1/2 
15 ^ liter \ ^-1 
mole / 
- '7.5 x 10' I T — j Bee 
.. i ., _.J-X , -1/2 -1 
- j...4 x .i0 atrn 7 sec. 11 
&C 
cm the relationship Ir..(A1/AQ) = AS/R where AS refers to the reactio: 
2BH <- the ratio 
2' 
•' b 3' 
o. 
A. 
34.'A cal./mole/ K 
= 107*53 (A and Ap in terms of atm) 
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o 55 
i s ob ta ined a t 100 C us ing entropy t a b l e s from JANAF DATA. 
Therefore , 
3" 2 fe 
•1/2 
7 - 1 - 1 1.2 x 10 atm sec 
= 3.6 x 10 
8 liter 
mole sec 
The value of A is certainly typical of frequency factors for bimolecular 
reactions 
79,80 
If Ap is assumed to be equal to A , then 
A = 1.2 x I07 x 10 7 , 5 3 sec"1 = k.O x 101 sec"1. 
The value of A is also consistent with the values of frequency factors 
1 
for unimolecular reactions 
.79,80 
Since Ep and E were assumed to be zero in Appendix E5 the follow-
ing rate constants are obtained: 






i i o £ irfi liter 
L = L = 3.6 x 10 — - — , 
2 3 moxe sec 
where the activation energy for k is AH n as calculated for the 
reaction ILIL- -» 2BH_ . in Appendix D. 
2 b 3 
In order to obtain the rate constant for the reaction 
B2Hg - 2BH2 + H2, 
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AH. ^ is calculated as 12^.8 kcal/mole by assuming AH = D(BH_ - BH_) + 
373 o 5 3 
2I)('Bll0 - H) - D(H - E) 5 all bend energies being from this research with 
the exception of D(H - H), and utilizing (H° - H° Q) tables from JAMF 
DATA- This procedure is similar to that used in Appendix D. If the 
frequency factor for the disscciation into BHp is approximately equal to 








where k^ is the rate constant for the above reaction. At 373 K, this 
ratio has a value of 10 and has a value of 10 at 600 K. 
In order to calculate k^ , the value of D(BH - H) = 3.58 ev from 
this research was used to determine the activation energy. Since this 
value may be too large, as indicated in Chapter III, the activation energy 
cf k may be recalculated using D(BH - H) = 3.2 ev, -which is then con-
"2 68 
sistent with values determined from isoelectromc curves and also which 
represents a reasonable correction to D(BH - H) from this work. The ratio 
of k.;/V is then 10 ' at 373°K and 10
±7 at 600°K. However, the activa-
tion energy of 
B X —* 2BH0 + H0 
is actually equal to AH + E where E' refers to the activation energy of 
the reverse process, i.e.. 
1.0U 
2BH2 + H 2 - B 2H 6. 
Uow E would not be expected to be zero and consequently the activation 
energy for k which was calculated using D(BH - H) = 3.2 ev would 
represent a minimum value3 assuming that 3»2 ev as well as D(BH_ - BH„) 
- 2.56 ev is actually correct. It then would appear that k /k_ = 10 
2 
at 373 K is the more reasonable value since this essentially assigns a 
value of approximately 17 kcal/mcle to E', which is within reason. The 
accuracy of D(BH„ •=• BH ) is of no concern in the ratio of the rate con-
stants since it cancels out leaving essentially 




RAW LATA FROM H B? QUENCHING EXPERIMENTS 
This appendix presents typical raw data obtained in a HpBF syn-
thesis and quenching experiment. The actual ion currents given in Table 
5(all have the same arbitrary units based on an electrometer index set-
ting of 0.4) for various temperatures during the warm-up of the cryogenic 
inlet system were recorded at 70 volts electron energy. At 115 K and 
above? the amount of gas being admitted into the ionization region was 
so great that the trap current had tc be reduced to the point that the 
trap current meter was barely on scale. The inability to control the rate 
of temperature rise of the system after the refrigerant chambers were 
emptied of 0o has been mentioned previously. If this condition did not 
exist3 the temperature cculd have been held constant at certain points to 
allow the more volatile species to pump away and5 thus,, to prevent inter-
ference with the detection of species evolved at higher temperatures. 
When the 0 p coolant had been completely pumped away, the warm-up from 
n O 
55 K to 150 K took approximately one hour. In Table 5j the letter "a" 
denotes an ion peak that was off scale, full scale being approximately 
140 in the arbitrary units used in the table. A blank indicates either 
that the ion peak was not present or that the intensity was so small as 
to be insignificant. 
Products3 other than HBFpS from the rf discharge as tentatively 
identified either by crude appearance potential measurements3 comparison 
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Table 5 Raw Data for a 'Typical H.-BF Synthes i s Experiment 
o,. Approximate Temperature, K 
55 65 70 72 75 85 95 115 135 . 1̂ 5 155 175 , 185 
107 
la'ble 5. (Continued) 
Approximate Temperature«, K 











with mass spectra data of known substances5 or correlation of the tempera-
tures of initial detection of certain ion peaks with vapor pressure data, 
or by a combination of these identification techniques,, were C03 NO., Kp0<, 
SiF^j and Si F^. Impurities that were determined to be present in the 
feed eases were B, H.,̂ , B_HL.., , C0̂ «, CF, s SiF-, , and SC~. 
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APPENDIX H 
CALCULATION OF PRESSURE IN THE PYROLI'SIS REGION 
C? THE COAXIAL FURNACE INLET S13TEM 
To calculate the pressure in the pyrolysis region of the coaxial 
furnace inlet system^ It is necessary to know the gas flow rate and the 
pressure at a particular point. However,, only the inlet pressure was 
obtained in the experimental work since the gas flow rates were too 
small to be measured by the flow meters available in the laboratory. 
Therefore, the flow rate of E_H,- Is calculated by assuming that it is 
2 b 
essentially equal to the instantaneous rate of exhaust of a large con-
stant volume; at a pressure equal to the experimental inlet pressure, 
through the 7-1/2 Inch long (1/8 inch diameter) furnace tube. The pres-
sure in the pyrolysis region may then be readily calculated. 
A typical inlet pressure in the BJÎ - pyrolysis experiments was 
100 microns. This was indicated 'by a Consolidated Type U1.550 micromanom -
eter with the pressure tap located 6-1/2 inches from the 1 inch heated 
O o 
length of the l/8 inch diameter stainless steel tube. From Dushman , we 
can write the instantaneous rate of exhaust of the volume V of the 
several inches of 1/4 inch diameter connecting tubing from the pressure 
tap to the leak valve as 
d.j 
fV 
where P designates the pressure in the volume ¥ at any instant. But 








- FP . 
The mean free path of a gas may be written as 83 
8.589T] (TV 1 / 2 
Pmm \M/ cm. 
At 100 microns and 25 C? the mean free path of B "tL- is 
8.589 x 80 x 10"6 / 2 9 8\ V
2 _ -2 
~~—-on vw) cm -2-2 x 10 cm 
8U r 
where T] has been experimentally determined as 80 x 10 poise at 25 C. 
For the 1/8 inch diameter tube (ID = 0.075 inches). 
L/a = 
2.2 x 10"2 cm 
0.0375 in. x 
2.54 cm 0,23. 
in. 
Therefore, transition flow is experienced at these conditions of tempera-
ture and pressure since 0.01 < L/a < .1.00 . F may now be written as 
T? - 30 
3 ,mvl/2 0.l4?2a/ + Z\ liters 
sec 
where 
7 1 + 2.507(a/L) 





_ RTd(n) r o nn-3 liters " -—•) ' ~ o. o x 10 
sec 
x 100 microns 
or 
1 M = 3.6 x lo"
8 SrS2i2 
;ec 
where 1 = 7-1/2 inches, i.e., the entire length of the 1/8 inch diameter 
tube. 
The pressure drop for the 6-1/2 inch long distance from the pressure 
83 tap to the pyrolysis region is given by 
AP =§,, 
where Q is the product of the volumetric flow rate and the pressure at 
which it is measured and F7 is calculated using 1 = 6-1/2 inches. There-
fore, we may write 
_, d(nRT) 








AP = -,P 
= —, x 100 microns = 87 microns 
F 
Therefore5 the pressure at the first point of the 1 inch long pyrolysis 
region is 13 microns or 1.3 x 10"2 n-n Hfe. 
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APPENDIX I 
IONIZATION EFFICIENCY CURVES FOR EXPERIMENTAL APPEARANCE POTENTIALS 
This appendix presents ionization efficiency data in Figures 12-17 
:+) and A(BH^"N " " n " '~+' " '~"+' 
c 
for the following: l(N0); A(BH ) and A 0) from BH_; and A(B ) , A(BH0) 
and A(B H ) from B EL. The data for A(BH ) from B L are not given. 
As mentioned in Chapter III, interference,, which was due either to the 
failure of the blanking circuit; to completely eliminate the effects of 
the large B~H peaks or to noise from ion-mclecule reactions because of D 2 x 
high ion source pressures, permitted only a fraction of the ionization eff" 
ciency curve to be utilized for matching with argon. Therefore, the value 
obtained for A(BH ) from B„EL was a rough estimate aided by the observa-
tion that the difference in A(BH ) from BEL and from B0EL should be about 
' 3 2 6 







N2 - SCALE SHIFTED 
0.32 VOLTS 
I(N2) = 15.76 - 0.32 = 
15.44 ± 0.1 VOLTS 
1 
14.5 14.9 15.3 15.7 16.1 16.5 
ELECTRON ENERGY (VOLTS, UNCORRECTED) 
16.9 17.3 





• BH+ FROM BH3 - SCALE 
SHIFTED 2.10 VOLTS 
A(BH+) = 15. 76 - 2. 10 = 
13. 66 ± 0. 02 VOLTS 
13.6 14.0 14.4 14.8 15.2 15.6 
ELECTRON ENERGY (VOLTS, UNCORRECTED) 
16.0 16.4 
Figure 13- Ionization Efficiency Data for A(BH ) from BH Using the 
Semi-Log Matching Method. 
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12.0 12.4 12.8 13.2 13.6 14.0 14.4 14.8 
ELECTRON ENERGY (VOLTS, UNCORRECTED) 
Figure ik. I o n i z a t i o n Ef f ic iency Data for A(BH ) from BH Using t h e 







B + FROM B2H6 - SCALE 
SHIFTED 2.63 VOLTS 
A(B+) = 15.76 + 2.63 = 
18.39 ± 0.02 VOLTS 
15.0 
Figure 15 
15.4 15.8 16.2 16.6 17.0 
ELECTRON ENERGY (VOLTS, UNCORRECTED) 
17.4 17.8 
Ionization Efficiency Data for A(B ) from B H^ Using the 
Semi-Log Matching Method. 
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14.6 15.0 15.4 15.8 16.2 16.6 17.0 17.4 
ELECTRON ENERGY (VOLTS, UNCORRECTED) 
Figure l 6 . I o n i z a t i o n Ef f i c iency Data for A(BH ) from B H/- Using t h e 
Semi-Log Matching Method. 
10.8 11.2 11.6 12.0 12.4 12.8 13.2 13.6 
ELECTRON ENERGY (VOLTS, UNCORRECTED) 
Figure 17. I o n i z a t i o n Ef f i c iency Data for A(B H ) from B H^ Using 
t h e Semi-Log Matching Method. 
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